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RESUMO 
As algas marinhas desempenham um papel fundamental em costões rochosos por oferecerem 
abrigo e alimento para diversas espécies. As características desses substratos biológicos, bem 
como a predação, influenciam a abundância e a diversidade da fauna associada, inclusive aquela 
representada por anfípodes. Ainda, o comportamento alimentar de anfípodes herbívoros pode 
influenciar a associação desses consumidores com algas hospedeiras. Nesse estudo, 
investigamos o papel da identidade da alga hospedeira, da pressão de predação e do 
comportamento alimentar de anfípodes sobre a associação de anfípodes com algas marinhas. 
Especificamente, investigamos (1) o efeito da identidade da alga hospedeira sobre a densidade 
e a composição de anfípodes e sobre a vulnerabilidade desses animais à predação, (2) o efeito 
da identidade da alga sobre a distribuição, a alimentação e a vulnerabilidade à predação do 
anfípode herbívoro generalista Cymadusa filosa e (3) como a variação nutricional entre 
diferentes algas influencia a alimentação do anfípode herbívoro generalista Ampithoe valida. A 
associação de anfípodes com três algas hospedeiras foi avaliada sazonalmente durante um ano. 
A composição da assembleia de anfípodes foi sensível à identidade da alga hospedeira e variou 
temporalmente. Por meio de um experimento em campo, foi observado que a predação não teve 
um efeito claro sobre a assembleia anfípodes. Além disso, a predação não foi responsável pela 
variação espacial (i.e. entre algas hospedeiras) e temporal da assembleia de anfípodes. A 
densidade de C. filosa diferiu entre as espécies de algas hospedeiras. Por meio de experimentos 
de alimentação e desempenho de C. filosa em laboratório, foi observado que a distribuição 
desse herbívoro foi apenas parcialmente explicada pelo valor da alga como alimento. Nesse 
caso, a partir de um experimento em campo, foi observado que a predação é um fator limitante 
da ocorrência de C. filosa em algas com alta qualidade como alimento. Por meio de 
experimentos de alimentação em laboratório, foi estimada a taxa de ingestão de nutrientes (i.e. 
carbono, nitrogênio, proteína e compostos não proteicos) pelo herbívoro A. valida. Tal anfípode 
foi capaz de regular a ingestão de nutrientes, principalmente proteína, amenizando o problema 
da variação nutricional entre diferentes algas. Os resultados do presente estudo enfatizam a 
importância da identidade do hospedeiro para associação de anfípodes com algas. Além disso, 
o valor das algas como refúgio contra predação é um importante fator limitante para herbívoros 
generalistas, uma vez que a necessidade por um refúgio adequado parece sobrepujar a demanda 
por algas que atendam seus requerimentos nutricionais. Nesse caso, tais herbívoros podem 
empregar estratégias comportamentais para superar o baixo valor nutricional de algas que 
representam refúgios adequados contra predação. Portanto, dada a importância da identidade 
da alga hospedeira sobre a composição da fauna associada, a perda de tais organismos 
  
 
formadores de hábitat pode ter sérias consequências sobre a diversidade da fauna associada e, 
consequentemente, sobre o fluxo de matéria e energia em ecossistemas costeiros. 
  
  
 
ABSTRACT 
Seaweeds play a key role on rocky shores by providing shelter and food for several species. 
The traits of such biological substrates, as well as the predation pressure, influence the 
abundance and diversity of the associated fauna, especially amphipods. Also, the feeding 
behavior of herbivorous amphipods can affect the association of such consumers with their 
algal hosts. Herein, we investigated the role of algal host identity, predation pressure and 
amphipods’ feeding behavior on the association of amphipods with seaweeds. Specifically, we 
investigated (1) the effect of algal host identity on the density and composition of amphipods 
and on the vulnerability of these animals to predation, (2) the effect of algal host identity on the 
distribution, feeding behavior and vulnerability to predation of the herbivorous amphipod 
Cymadusa filosa and (3) how the nutritional variation among different algae influences the 
feeding behavior of the generalist herbivorous amphipod Ampithoe valida. The association of 
amphipods with three algal hosts was evaluated seasonally over one year. The composition of 
the amphipod assemblage was sensitive to the algal host identity and varied temporarily. From 
a field experiment, no clear effect of predation on amphipod’s assemblage was found. Also, 
predation did not explain the spatial (i.e. among algal hosts) and temporal variation of 
amphipod’s assemblage. The density of C. filosa differed between species of algal hosts. From 
feeding and performance experiments with C. filosa at laboratory, it was observed that the 
distribution of this herbivore was only partially explained by the food value of algal hosts. In 
this case, from a field experiment, it was observed that predation is a limiting factor for the 
occurrence of C. filosa on high-quality food hosts. From feeding experiments, it was estimated 
the intake of nutrients (i.e., carbon, nitrogen, protein and non-protein compounds) by A. valida. 
Such amphipod was able to regulate the intake of nutrients, mainly protein, alleviating the 
problem of nutritional variation among different algae. Our results emphasize the importance 
of algal host identity for the association of amphipods with seaweeds. Also, the value of algae 
as a refuge against predation is an important limiting factor for generalist herbivores, since their 
requirement for a suitable shelter seems to be more important than the food value of algal hosts. 
In such case, those herbivores may employ behavioral strategies to overcome the low nutritional 
quality of algal foods that offer suitable shelter against predators. Therefore, considering the 
role of algal host identity on the composition of associated fauna, the loss of such habitat-
forming organisms is expected to have drastic consequences on the diversity of associated fauna 
and, consequently, on the flow of matter and energy in coastal ecosystems. 
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INTRODUÇÃO GERAL 
Entender os padrões de coexistência das espécies em comunidades, bem como os 
processos responsáveis por tais padrões, tem sido o principal objetivo em estudos de ecologia 
de comunidades (e.g. Chase 2003, Best & Stachowicz 2014). Processos em diferentes escalas 
temporais e espaciais atuam sobre a organização das espécies em uma comunidade (Cavender-
Bares et al. 2009, HilleRisLambers et al. 2012). A composição das espécies em um local 
depende primariamente de um conjunto regional de espécies, cuja composição é determinada 
por processos históricos, e da habilidade de dispersão dos indivíduos. Em uma escala local, a 
colonização e a permanência das espécies na comunidade depende de filtros ambientais (e.g. 
fatores abióticos) e interações (Ricklefs 1987, Emerson & Gillespie 2008, Cavender-Bares et 
al. 2009, HilleRisLambers et al. 2012). Ainda, a ordem de estabelecimento das espécies em um 
local pode ter um importante papel sobre a composição das espécies na comunidade (Chase 
2003). Uma vez que a biodiversidade afeta o funcionamento dos ecossistemas (Cardinale et al. 
2006, Loreau 2010), a investigação de tais processos é fundamental, dado um contexto no qual 
é esperada a redução da biodiversidade devido aos impactos das mudanças climáticas e 
antropogênicos (Harley et al.  2006, Hoegh-Guldberg & Bruno 2010, Wernberg et al. 2012, 
Vérges et al. 2014). 
Entre os processos atuantes na estruturação das comunidades, as interações entre as 
espécies têm sido o foco em diversos estudos (Paine 1974, Bertness et al. 1999, Byrnes et al. 
2006, Poore et al. 2012). Ao afetar a aptidão dos indivíduos, interações positivas (e.g. 
mutualismo e facilitação) e negativas (e.g. predação e competição) contribuem para determinar 
a abundância e a diversidade das espécies em uma comunidade (Bertness et al. 1999, Byrnes et 
al. 2006). Dessa forma, interações têm o potencial de expandir ou limitar a distribuição das 
espécies. Por exemplo, espécies formadoras de habitat, como algas e gramas marinhas, 
facilitam o estabelecimento e desenvolvimento de outros organismos em locais onde, na 
ausência de tais espécies facilitadoras, não seria possível a ocorrência de outros organismos 
(Bruno & Bertness 2001). De forma contrária, predação e competição podem restringir a 
amplitude da distribuição das espécies (Paine 1974, Wootton 1992). Além dos efeitos diretos 
sobre as espécies que compõem uma interação, efeitos indiretos sobre outros componentes da 
comunidade também são esperados, uma vez que os organismos estão envolvidos em uma 
variedade de interações. Por exemplo, a predação sobre herbívoros pode afetar a biomassa e a 
composição de produtores primários indiretamente (Bruno & O’Connor 2005, Estes et al. 
2011). Da mesma forma, espécies facilitadoras podem mediar interações de competição e 
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predação em uma comunidade (Bruno et al. 2003). Portanto, o padrão de distribuição das 
espécies depende não somente dos efeitos diretos das interações, como também da complexa 
influência mútua entre tais interações. 
Macrófitas marinhas, como algas e angiospermas, desempenham um importante papel 
em ecossistemas costeiros, não somente por sua alta produtividade, mas também por 
oferecerem hábitat para uma variedade de organismos, especialmente pequenos invertebrados 
como crustáceos, moluscos e poliquetas (Taylor & Cole 1995, Lippert et al. 2001, Tanaka & 
Leite 2003, Huang et al. 2006, Christie et al. 2009) que, por sua vez, servem de alimento para 
predadores, como peixes e crustáceos decápodes (Dubiaski-Silva & Masunari 2008). Tais 
espécies formadoras de hábitat minimizam o efeito de fatores estressantes, como dessecação e 
predação, facilitando a ocorrência de uma fauna diversa (Bertness et al. 1999, Vázquez-Luis et 
al. 2010, Zamzow et al. 2010). Além disso, a morfologia e a densidade das macrófitas está 
intrinsicamente associada à quantidade de espaço disponível para ocupação da fauna (Hacker 
& Steneck 1990, Chemello & Milazzo 2002). Ainda, os bancos de macrófitas são palco para 
diversas interações ecológicas. Algas epífitas que crescem sobre outras macrófitas podem 
competir com suas hospedeiras por acesso a luz (van Montfrans et al. 1984). Além disso, a 
competição entre as espécies da fauna associada a macrófitas pode ter um importante efeito na 
distribuição desses animais (Best & Stachowicz 2014, Lürig et al. 2016). Algumas espécies da 
fauna associada que são herbívoras, além do uso do abrigo, utilizam as macrófitas como 
alimento, aumentando a complexidade dessas relações. Certas espécies herbívoras beneficiam 
a macrófita hospedeira ao consumir algas epífitas (Cook et al. 2011, Whalen et al. 2013, 
Reynolds et al. 2014). Por outro lado, há herbívoros que se alimentam da macrófita hospedeira, 
gerando fortes impactos sobre sua biomassa (Duffy 1990, Poore 1994, Pavia et al. 1999). Nesse 
último caso, a pressão de predação sobre tais herbívoros pode beneficiar as macrófitas 
hospedeiras (Duffy & Hay 2000). Ainda, características das macrófitas, como morfologia e 
composição química, podem mediar a pressão de predação sobre os herbívoros e outros 
componentes da fauna associada (Duffy & Hay 1994, Zamzow et al. 2010). Nesse sentido, os 
bancos de macrófitas são sistemas adequados para testar o efeito das interações nos padrões de 
diversidade e coexistência das espécies (e.g. Duffy & Hay 2000, Bruno & O’Connor 2005, 
Lürig et al. 2016). 
Entre as espécies da fauna associada a macroalgas marinhas, pequenos herbívoros, 
como crustáceos e moluscos, possuem uma forte relação com tais substratos, uma vez que esses 
consumidores usam as algas como alimento e hábitat (Duffy & Hay 1991, Poore & Steinberg 
1999, Trowbridge & Todd 2001, Machado et al. 2017). Para pequenos herbívoros, a qualidade 
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das algas enquanto alimento nem sempre está diretamente associada ao valor desses substratos 
como refúgio contra predadores e, portanto, tais consumidores primários precisam lidar com as 
demandas conflitantes por alimento e habitat adequados (Duffy & Hay 1991, Lasley-Rasher et 
al. 2011). Algumas estratégias alimentares empregadas por pequenos herbívoros podem 
contribuir para a ocorrência desses animais em algas que representam um refúgio adequado, 
mas possuem baixo valor enquanto alimento. Por exemplo, alguns pequenos herbívoros são 
tolerantes a defesas químicas presentes em algas (Hay et al. 1989). Tal tolerância confere certa 
vantagem a esses herbívoros, uma vez que evita que eles sejam consumidos tanto por peixes 
que predam pequenos invertebrados e, sem intenção, ingerem fragmentos da alga, como por 
peixes que se alimentam primariamente da alga, mas ingerem pequenos invertebrados de forma 
acidental (Hay et al. 1989, Hay et al. 1990, Duffy and Hay 1994). Ainda, alguns pequenos 
herbívoros apresentam uma estratégia alimentar compensatória, na qual o consumidor aumenta 
a taxa de ingestão quando restrito a um alimento com baixo conteúdo nutricional e, assim, é 
capaz de atender a suas demandas nutricionais (e.g. Cruz-Rivera & Hay 2001). No entanto, tal 
estratégia geralmente é ilustrada para um ou poucos componentes nutricionais, quando de fato 
os alimentos possuem diversos nutrientes. A ingestão elevada de um item alimentar para 
compensar o baixo conteúdo de um nutriente pode resultar na ingestão de outros componentes 
indesejáveis do alimento (Raubenheimer & Simpson 1993, Simpson & Raubenheimer 1995). 
Contudo, pouco ainda é conhecido sobre como pequenos herbívoros marinhos lidam com o 
balanço na ingestão de diversos nutrientes. Nesse contexto, para compreender a interação entre 
pequenos herbívoros e algas é fundamental investigar a qualidade das algas enquanto alimento 
e refúgio, bem como explorar a nutrição desses consumidores. 
A proposta desse estudo foi investigar os fatores atuantes na associação entre anfípodes 
e algas marinhas, focando no papel da identidade da alga hospedeira, da pressão de predação e 
do comportamento alimentar de anfípodes. No Capítulo 1, foi abordado o efeito da identidade 
da alga hospedeira sobre a composição de anfípodes ao longo de um ano. Ainda, foi investigado 
o papel da predação sobre a associação de anfípodes com algas, bem como se tal fator depende 
da identidade do hospedeiro e se varia ao longo do tempo. No Capítulo 2, foi abordado o papel 
das algas hospedeiras como alimento e refúgio para o anfípode herbívoro Cymadusa filosa. 
Nesse estudo, foi testado se o padrão de distribuição desse herbívoro é explicado pelo valor da 
alga enquanto alimento e/ou pelo papel da alga como refúgio contra predação. No Capítulo 3, 
foi abordada a nutrição do anfípode herbívoro Ampithoe valida usando dietas distintas quanto 
ao conteúdo nutricional. Nesse estudo, foi investigado se o anfípode é capaz de regular a 
ingestão de nutrientes e quais a consequências de tal comportamento para o seu desempenho. 
  
15 
 
Chapter 1: Effects of algal host identity and predation on a subtropical rocky shore 
amphipod assemblage 
 
Introduction 
Species interactions affect the occurrence and distribution of organisms, thus 
contributing to determine the biodiversity at local communities (Paine 1974, Wootton 1992, 
Bertness et al. 1999) and, consequently, impacting ecosystem functioning (Duffy et al. 2003, 
Bruno and O’Connor 2005, Douglass et al. 2008, Estes et al. 2011). Over the last decades, the 
role of positive interactions, such as facilitation, has gained more attention on a community-
wide context (Bertness and Callaway 1994, Bertness et al. 1999, Bruno and Bertness 2001, 
Bruno et al. 2003, Angelini et al. 2011), contrasting with the earlier predominant view of 
negative interactions, mainly competition and predation, as the main biotic factors shaping the 
organization of marine communities (Connell 1961, Paine 1974, Wootton 1992). Like most 
interactions in a community, the strength of positive interactions depends on the spatial and 
temporal context (Bertness and Callaway 1994, Bronstein 1994, Bertness et al. 1999). For 
example, facilitation is expected to be an important interaction mainly in a context of high 
environmental stress (e.g. consumer pressure, harsh abiotic conditions) because facilitators, 
particularly those species that generate habitats, can buffer abiotic and biotic factors that are 
stressful to other organisms (Bertness and Callaway 1994, Bertness et al. 1999, Bruno et al. 
2003). 
Marine biological substrates facilitate the establishment and development of other 
species through modifying and/or creating new habitats and, thus, contributing to enhance the 
biodiversity at local communities (Christie et al. 2009, Koivisto and Westerbom 2010). Such 
habitat-forming organisms often change water flow, favor sediment accumulation and 
ameliorate desiccation (Gibbons 1988, Eckman et al. 1989, Bertness et al. 1999, Prathep et al. 
2003, De Oliveira et al. 2016), benefiting the colonization by other benthic species. Also, 
because the presence of biological substrates is often linked to the increase of structural habitat 
complexity, such organisms can provide a variety of microhabitats, facilitating the occurrence 
of an abundant and diverse associated fauna (Heck and Wetstone 1977, Christie et al. 2009). 
Macrophytes are widespread biological substrates on marine habitats, harboring a 
taxonomically and functionally diverse fauna of invertebrate species (Taylor and Cole 1995, 
Lippert et al. 2001, Huang et al. 2006, Christie et al. 2009). The abundance and diversity of the 
fauna associated to seaweeds are intrinsically related to the traits of these substrates, such as 
morphology (Hacker and Steneck 1990, Chemello and Milazzo 2002) and temporal and spatial 
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variation in biomass (Kelaher 2003, Jacobucci et al. 2009). Particularly, structural 
characteristics of algal hosts (e.g. thallus biomass and volume) are important indicators of space 
availability to the occupation of associated fauna and, thus, can serve as predictors of the 
associated fauna species abundance (Dean and Connell 1987, Hacker and Steneck 1990). Also, 
chemical traits of seaweeds determine their palatability to small herbivorous species, which use 
macrophytes as both habitat and food resource, and, thus, can also affect the host use by the 
components of the associated fauna (Duffy and Hay 1994, Poore and Steinberg 1999). In this 
sense, sympatric algal hosts presenting distinct chemical and/or morphological traits are likely 
to harbor different species assemblages (e.g. Taylor and Cole 1995, Lippert et al. 2001, 
Chemello and Milazzo 2002, Huang et al. 2006) and, consequently, mixed algal beds may 
support a more diverse fauna than monospecific algal beds.  
Yet, the association of species with macrophytes may also depend on extrinsic factors 
to these hosts, such as wave action (Sotka 2007) and predation (Coull and Wells 1983, Duffy 
and Hay 1994). By preying upon the associated fauna, predator fishes can affect the interaction 
of small invertebrates with seaweeds (Holmlund et al. 1990, Duffy and Hay 1994) and, thus, 
the composition of species harbored by these biological substrates. On the other hand, algal 
hosts can buffer the predation pressure on associated fauna by presenting a complex 
morphology (Zamzow et al. 2010) and/or chemical defenses (Duffy and Hay 1994). Since 
seaweed species can differ from each other in morphology and chemical composition, it is 
expected they present distinct values as refuge against predators (e.g. Holmlund et al. 1990, 
Duffy and Hay 1994, Vázquez-Luis et al. 2010, Zamzow et al. 2010). 
Amphipoda is one of the most representative groups of the fauna associated to 
macrophytes, presenting high abundance and diversity of species (Taylor and Cole 1995, 
Tanaka and Leite 2003, Christie et al. 2009). Because species of amphipods often vary in 
feeding behavior and life habits (Jacobucci et al. 2009, Guerra-García et al. 2014), and, thus, 
are likely to present different requirements of habitat and food resource, such group is a suitable 
model to test how algal identity affect the host use by the associated fauna. Also, predation by 
fishes has been considered a strong factor limiting the association of amphipods with seaweeds 
(Holmlund et al. 1990, Duffy and Hay 1994, Vázquez-Luis et al. 2010, Zamzow et al. 2010). 
Since amphipods can represent an important trophic link between benthic and pelagic habitats 
(Duffy and Hay 2000, Dubiaski-Silva and Masunari 2008), it is fundamental to investigate the 
patterns of distribution of these small invertebrates among different seaweed species, as well 
as the role of algal hosts on mediating the predation pressure. Furthermore, investigating 
simultaneously the response of associated fauna to algal host identity, as well as the factors 
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impacting this association, such as predation pressure, can contribute to predict how diversity 
of associated fauna will be affected in a context of climate-driven changes, in which the loss of 
habitat-forming organisms is expected (Wernberg et al. 2012, Vergés et al. 2014). 
In the present study, we investigated the role of algal host identity on an assemblage of 
associated amphipods and tested how the algae mediate the vulnerability of amphipods to 
predation. Specifically, we asked (1) How does the algal host identity influence the density, 
diversity and composition of associated amphipods? (2) Does the association of amphipods 
with algae vary temporally? (3) How does predation affect the abundance and diversity of 
amphipods? (4) Does the effect of predation on amphipod assemblage depend on the identity 
of the algal host? 
 
Material and Methods 
Study area 
Sampling was carried out in the subtidal zone of a rocky shore at Fortaleza Beach 
(23º32’S, 45º10’W), Ubatuba, on the north coast of the state of São Paulo, Brazil. The rocky 
shore is under a moderate level of wave exposure and shelters an extensive algal bed dominated 
by the brown seaweed Sargassum filipendula (Széchy and Paula 2000). Other seaweed species, 
such as Dictyota cervicornis, Padina gymnospora and Dichotomaria marginata (formerly 
known as Galaxaura marginata), usually occur at the study area among S. filipendula fronds 
(G.B.O. Machado, pers. obs.). Epiphytic algae, such as Hypnea musciformis, are commonly 
found attached to algal hosts (Machado et al. 2017). A variety of fish species are often found 
visiting the algal bed, probably searching for food, such as small invertebrates (Sazima 1986, 
Pereira and Jacobucci 2008). 
 
Descriptive approach: temporal variation in host use by amphipods 
To investigate the role of algal host identity on amphipod assemblages and if such effect 
varies temporally, sampling was carried out twice at each season throughout 2014: summer 
(January and February), autumn (April and May), winter (July and August) and spring (October 
and November). At each sampling event, five fronds of the seaweeds S. filipendula, P. 
gymnospora and D. marginata were collected underwater (N =10 for each algal host by season). 
The samples were scraped from the rocky substrate and then stored in 0.2 mm mesh size bags. 
At laboratory, the samples were frozen and then the associated fauna was removed from the 
fronds by successive washes under freshwater. All mobile fauna was preserved in 70% alcohol 
and the amphipods were identified to species level. For some individuals with missing body 
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parts or juveniles, it was not possible to identify them to species level, although in most of those 
cases we could identify which family such amphipods belonged to. Individuals of unknown 
specific classification were grouped into “not identified” category and accounted for abundance 
comparisons, but not for diversity and composition analysis. Epiphytic seaweeds were removed 
from the thalli of algal hosts. Then, the wet mass of epiphytes and algal hosts (g) was obtained 
after removing the excess of water using a salad spinner. The density of amphipods (ind/g) was 
calculated considering the total wet mass of algal fronds (i.e. algal host mass plus epiphytes 
mass). Also, for each sample, Shannon’s diversity index was estimated considering the density 
of amphipods by species. Since the epiphytic load may have an important effect on fauna 
associated to macrophytes (Martin-Smith 1993, Jacobucci et al. 2009), epiphytism was 
estimated by calculating the percentage of epiphytes wet mass in relation to the total wet mass 
of the algal frond. 
Furthermore, to characterize the algal hosts regarding spatial components of habitat 
architecture provided to amphipods, thallus volume (TV), interstitial volume (IV) and the ratio 
between those two variables (TV/IV) (Hacker and Steneck 1990) were measured from algal 
fronds sampled at the study area. Five fronds of each host species were sampled on February 
and July 2017. For each algal frond, after removing associated epiphytes and fauna, thallus 
volume was estimated as the volume of water displaced by the algal frond in a glass graduated 
cylinder. Canopy volume was estimated by multiplying height, length and width of algal fronds 
submerged in water. Then, interstitial volume was estimated as the difference between the 
thallus volume and the canopy volume. 
 
Experimental approach: effects of identity of algal host and predation on amphipod 
assemblage 
 To test the role of predation on the association of amphipods with algae and if such 
effect depends on the identity of algal host, a field experiment was carried out at the study area. 
Because the association of amphipods with seaweeds varies temporally (see Results), the field 
experiment was run on two periods: February 2017 (summer) and July 2017 (winter). An 
orthogonal design was used considering the following factors: predation (3 levels), identity of 
algal host (3 levels) and period of year (2 levels), with five replicates at each level combination. 
The levels of the predation factor consisted of exclusion cage (i.e. that excludes predators), 
open cage (i.e. that allows the access of predators) and uncaged (i.e. that allows the access of 
predators). The open cage treatment was included to the experiment to control possible effects 
of the cage structure (e.g. sediment retention, change of water currents, light attenuation). For 
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the factor of identity of algal host, the following seaweeds previously defaunated were used: S. 
filipendula, P. gymnospora and D. marginata. 
For the experimental set-up, fronds of each seaweed species were collected at the study 
area and transported to the laboratory in thermal boxes. Then, the associated fauna and 
epiphytes were removed from the seaweeds under seawater at the laboratory. Also, to maximize 
the extraction of the associated fauna, fronds were kept in freshwater for a short period of time 
(~ 10 minutes). Each experimental unit consisted of an algal frond in a plastic structure 
representing one of the three predation treatments (exclusion cage, open cage or uncaged). The 
plastic structure was attached to a rope with a fishing float and to an iron stick, buried into the 
sediment. All replicates were randomly placed parallel and in a close distance (~ 20 cm) to the 
algal bed present at rocky shore, keeping a distance of 1.5 m between each experimental unit. 
The cages had a cylindrical format (height = 30 cm, diameter = 13 cm) and were made 
up of a plastic screen of 1 cm mesh size. String was used to close the cages laterally and sew 
the bottom part of cages to the cylindrical structure. The top part of the cages was attached to 
the remaining structure using plastic clamps after inserting the algal frond. The open cages 
differed from exclusion ones by the presence of two entries (height = 13 cm, width = 7 cm) 
positioned at opposite sides of the cage. The uncaged treatment consisted of a square plastic 
screen of 1 cm mesh size (8 cm X 8 cm) that lent physical support to attach the algal frond. In 
all predation treatments, algal fronds were attached to the bottom part of the plastic structure 
by tying their holdfast using nylon wire and plastic clamps. Iron sticks of 70 cm longer and 
with a closed loop on one of the extremities were totally buried into the sediment underwater, 
except the closed loop extremity. A rope with a small fishing float was tied to the closed loop 
to keep the whole predation structures floating. Each structure of predation treatment had its 
side and the bottom part tied to the rope and the closed loop extremity of the iron stick, 
respectively, using plastic clamps. A distance of 15 cm was kept between the bottom of the 
treatments and the sediment. Also, for exclusion and open treatments, another fishing float was 
added to the top of cages to keep such structures floating.  
After four days, algal fronds were removed from the plastic structures underwater, 
stored in 0.2 mm mesh size bags, carried to the laboratory and frozen. We chose this period for 
the experiment because it was shown to be sufficient to the recolonization of amphipod 
assemblages on natural algal beds (Tanaka and Leite 2004). The same procedures described 
above to remove associated fauna and obtain the wet mass of algal fronds were carried out. As 
response variables, density, diversity and composition of amphipods associated to algal hosts 
were evaluated. Although all treatments had five replicates at the beginning of experiment, an 
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unequal number of replicates by treatment (varying from 2 to 5) was recovered on February 
because some replicates were lost during the field experiment. 
 
Data analysis 
The density and diversity of amphipods from both descriptive and experimental 
approaches were used as response variables in generalized linear models (GLM) with a quasi-
poisson distribution. For the descriptive approach, the identity of the algal host, season and 
epiphytism were used as predictor variables. Non-significant interactions between factors (i.e. 
algal host and season) and co-variable (i.e. epiphytism) were dropped from the model and, then, 
the analysis was re-run (Engqvist 2005). Full and reduced models (i.e. with and without non-
significant interactions, respectively) were compared using an analysis of deviance. In all cases, 
no significant difference was observed between full and reduced models. For the experimental 
approach, the identity of the algal host, predation treatment and period of year were used as 
predictors. Also, the variables of habitat architecture of algal fronds (TV, IV and TV/IV) were 
analyzed using the same proceedings presented above, considering the identity of the algal host 
and period of the year as factors. For all analyses above, results were interpreted by analysis of 
deviance and Tukey’s test was used to verify differences among groups of significant factors. 
Analyses were carried out using R 3.2.3 (R Core Team 2015). 
To compare the composition of amphipod species from both descriptive and 
experimental approach, Type III PERMANOVA (Anderson 2001) was carried out. For such, a 
matrix of similarity using Bray-Curtis distance was built up from density of amphipods 
transformed to log (X+1) and used as response variable. The test was run with 9999 
permutations. The same analysis design used for univariate tests were applied to the 
multivariate analyses. For significant factors, a pairwise test was applied to verify differences 
among groups. Also, SIMPER analysis was run to explore which species were more important 
for differences among the levels of a factor. To evaluate the homogeneity of dispersion among 
groups of each factor, PERMDISP was performed using the matrix of similarity. Such analyses 
were carried out using PRIMER/PERMANOVA v. 6.0. 
 
Results 
Descriptive approach: temporal variation in host use by amphipods 
A total of 13,021 amphipods belonging to 35 species were found in association with 
algal hosts throughout the sampling period (Table 1). The total density of amphipods varied 
temporally (Table 2). The density was higher in summer than spring (Fig. 1a). In turn, the 
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identity of algal host and the epiphytic load did not affect the density of amphipods (Table 2). 
Also, the diversity of amphipods was similar among algal hosts and seasons, but it was 
influenced by epiphytic load (Table 2). The diversity was positively correlated with epiphytism 
(GLM, Intercept = 0.31, Slope = 0.01, t = 2.53, P = 0.013) (Fig 1b). 
 
Table 1. Composition of amphipod assemblages on non-manipulated algal hosts at Fortaleza beach 
throughout 2014, including feeding habit, mean density by algal host and total abundance (n) of each 
amphipod species. C = carnivorous, H = herbivorous, D = detritivorous (according to Guerra-García et 
al. 2014, Steele and Valentine 2015). 
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Species Feeding habit 
Mean density (ind/g) Total 
(n) Dichotomaria Padina Sargassum 
Amphilochidae      
Hourstonius wakabarae C 0.49 0.26 1.64 2724 
Ampithoidae      
Ampithoe divisura H 0.03 0.02 - 22 
Ampithoe marcuzzi H 0.85 0.40 0.06 574 
Ampithoe ramondi H 0.11 0.09 0.01 66 
Ampithoe sp1 H 0.10 0.22 0.01 126 
Cymadusa filosa H 0.30 1.64 0.15 777 
Sunamphitoe pelagica H 0.01 0.57 0.85 1076 
Aoridae      
Aora spinicornis D 0.14 0.46 0.08 283 
Atylidae      
Nototropis minikoi D - 0.003 0.001 2 
Bateidae      
Batea catharinensis H 0.18 0.82 0.27 636 
Caprellidae      
Aciconula tridentata D 0.003 - 0.014 15 
Caprella danilevskii D 0.01 0.01 0.12 123 
Caprella equilibra D 0.001 - 0.003 4 
Caprella scaura D 0.05 0.02 0.04 86 
Paracaprella digitimanus D 0.002 0.004 0.027 32 
Paracaprella pusilla D - - 0.003 5 
Paracaprella tenius D 0.003 0.037 0.005 17 
Corophiidae      
Laticorophium baconi D 0.34 0.25 0.35 590 
Monocorophium acherusicum D 0.009 - - 1 
Hyalidae      
Hyale macrodactyla H - 0.004 - 1 
Hyale niger H 0.97 0.16 0.43 838 
Ischyroceridae      
Ericthonius brasiliensis D 0.19 0.17 1.12 2180 
Jassa slatteryi D 0.022 - 0.006 14 
Leucothoidae      
Leucothoe sp1 C 0.001 - 0.010 14 
Lysianassidae      
Lysianassidae sp1 D 0.016 0.029 0.002 13 
Lysianassidae sp2 D - 0.004 0.002 4 
Maeridae      
Elasmopus pectenicrus D - 0.020 0.005 19 
Elasmopus souzafilhoi D 0.003 0.010 - 2 
Elasmopus sp1 D - 0.005 - 4 
Elasmopus sp2 D 0.02 - - 12 
Melitidae      
Dulichiella anisochir D - 0.01 0.01 12 
Dulichiella sp1 D - - 0.003 6 
Photidae      
Photis longicaudata D 0.026 0.027 0.006 16 
Podoceridae      
Podocerus fissipes D 0.001 - 0.004 5 
Stenothoidae      
Stenothoe sp1 C 0.25 0.17 1.04 1250 
Not identified  1.43 1.02 0.60 1472 
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Table 2. Analysis of deviance for GLM (quasi-poisson distribution) fitted to density and diversity of 
amphipods by algal host, season and epiphytism (N = 10) on non-manipulated algal hosts at Fortaleza 
beach throughout 2014. 
Source of variation df Deviance Residual df Residual Deviance F P 
Density       
NULL - - 119 548.50  - 
Alga (Al) 2 5.77 117 542.73 0.64 0.529 
Season (Se) 3 73.08 114 469.65 5.40 0.002 
Epiphytism 1 1.60 113 468.05 0.35 0.553 
Al X Se 6 50.09 107 417.96 1.85 0.096 
Diversity       
NULL - - 119 20.52  - 
Alga (Al) 2 0.05 117 20.47 0.20 0.819 
Season (Se) 3 0.50 114 19.96 1.28 0.286 
Epiphytism 1 1.06 113 18.91 8.06 0.005 
Al X Se 6 1.64 107 17.27 2.08 0.061 
 
 
 
Figure 1. Density and diversity of amphipods on non-manipulated algal hosts at Fortaleza beach 
throughout 2014. (a) Density of amphipods (ind g-1) by season. (b) Relationship between diversity of 
amphipods and epiphytism. Difference in letters between columns indicates significant difference 
(Tukey’s test, P<0.05). In (b), solid line represents fitted model (GLM) and grey area represents the 
limits of confidence interval (95%). 
 
The composition of amphipod species was influenced by the identity of algal host and 
season, but not epiphytism (Table 3). The effect of algal host depended on the season. During 
autumn, winter and spring, the composition of amphipods was different among all algal hosts. 
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During summer, the composition of amphipods on Sargassum was different from those on 
Dichotomaria and Padina, while no difference in composition was observed between those 
latter hosts. The species that more contributed for such differences among algal hosts were: 
Hourstonius wakabarae, Ericthonius brasiliensis, Cymadusa filosa, Sunamphitoe pelagica, 
Ampithoe marcuzzi, Hyale niger, Stenothoe sp1 and Batea catharinensis (Table S1). Overall, 
H. wakabarae, S. pelagica and Stenothoe sp1 occurred in higher relative abundance on 
Sargassum than Padina and Dichotomaria, while C. filosa and B. catharinensis occurred in 
higher relative abundance on Padina. Hyale niger and A. marcuzzi were more abundant on 
Dichotomaria, and E. brasiliensis occurred mainly in association with Dichotomaria and 
Sargassum (Table S1, Fig. 2). 
Also, for all algal hosts, the composition of amphipods varied temporally. Overall, the 
composition of amphipods was markedly singular during summer, while differences among 
other seasons depended on the algal host identity (Table S2, Fig. 2). For such comparisons, the 
species that more contributed for dissimilarity among seasons were: H. wakabarae, E. 
brasiliensis, C. filosa, S. pelagica, A. marcuzzi, H. niger, Stenothoe sp1, B. catharinensis, 
Laticorophium baconi and Aora spinicornis (Table S2, Fig. 2). Overall, H. wakabarae and E. 
brasiliensis were more abundant during summer than other seasons, while Cymadusa filosa 
was more abundant during summer and autumn. In turn, H. niger and S. pelagica occurred in 
higher abundance during autumn and winter than summer and spring, while A. marcuzzi and 
Stenothoe sp1 occurred less often during summer than other seasons. Also, B. catharinensis 
was more abundant during winter and spring than other seasons. Aora spinicornis occurred in 
higher relative abundance on Padina and during summer and spring, while L. baconi was more 
abundant on Dichotomaria and during autumn (Tables S2, Fig. 2). Overall, regarding the most 
abundant herbivores, S. pelagica occurred in higher relative abundance on Sargassum, while 
C. filosa and B. catharinensis were more abundant on Padina. Ampithoe marcuzzi and H. niger 
were more abundant on Dichotomaria (Fig. 2). 
 
Table 3. PERMANOVA for composition of amphipods on non-manipulated algal hosts at Fortaleza 
beach throughout 2014 (N = 10). 
Source of variation df Mean square Pseudo-F P 
Alga (Al) 2 34920 19.96 <0.001 
Season (Se) 3 10706 6.12 <0.001 
Epiphytism 1 2731.4 1.56 0.114 
Al X Se 6 3517.9 2.01 <0.001 
Residual 107 1749.6 - - 
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Figure 2. Relative abundance (%) of main amphipod species on non-manipulated algal hosts at 
Fortaleza beach throughout 2014. Di = Dichotomaria, Pa = Padina and Sa = Sargassum. 
 
 Algal hosts differed from each other in all variables of habitat architecture (Table 4). 
Regardless of the period of sampling, Dichotomaria (0.03±0.003) presented higher TV/IV ratio 
than Sargassum (0.01±0.001) and Padina (0.02±0.003), while Sargassum (1907.0±150.6 ml) 
had a greater interstitial volume than Dichotomaria (520.4±89.5 ml) and Padina (631.3±99.4 
ml) (Tukey’s test, P<0.05). For thallus volume, the effect of the identity of the algal host 
depended on the period of sampling. On February, Sargassum (33.0±3.0 ml) had a greater 
thallus volume than Dichotomaria (11.5±4.3 ml) and Padina (11.4±2.0 ml). On July, 
Sargassum (18.3±1.7 ml) had a greater thallus volume than Padina (6.5±1.6 ml) and did not 
differ from Dichotomaria (15.0±1.8 ml) (Tukey’s test, P<0.05). 
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Table 4. Analysis of deviance for GLM (quasi-poisson distribution) fitted to variables of habitat 
architecture by algal host and period of year (N = 5) of seaweeds at Fortaleza beach. 
Source of variation df Deviance Residual df Residual Deviance F P 
Thallus volume (TV)       
NULL - - 29 180.31  - 
Alga (Al) 2 91.03 27 89.29 18.54 <0.001 
Period (Pe) 1 13.57 26 75.72 5.53 0.027 
Al X Pe 2 16.84 24 58.88 3.43 0.049 
Interstitial volume (IV)       
NULL - - 29 14737.3  - 
Alga (Al) 2 10829.9 27 3907.4 41.83 <0.001 
Period (Pe) 1 369.8 26 3537.6 2.86 0.104 
Al X Pe 2 486.4 24 3051.2 1.88 0.175 
TV/IV       
NULL - - 29 0.14  - 
Alga (Al) 2 0.051 27 0.09 7.06 0.004 
Period (Pe) 1 0.004 26 0.09 1.10 0.305 
Al X Pe 2 0.003 24 0.09 0.34 0.712 
 
Experimental approach: effects of identity of algal host and predation on amphipod 
assemblage  
A total of 14,151 amphipods belonging to 33 species were found on manipulated algal 
hosts from the field experiment (Table 5). Both density and diversity of amphipods were 
affected by the identity of the algal host, period of year and predation treatment (Table 6). 
Regardless the host and period of the year, the density of amphipods was higher on exclusion 
and open cages than on uncaged treatment, suggesting a possible caging effect in the field 
experiment (Fig. 3a). In contrast, the effect of host identity on the density of amphipods 
depended on the period of year. On July, the density was higher on Padina than Dichotomaria 
and Sargassum. In turn, there was no difference in density among algal hosts on February (Fig. 
3b). Furthermore, the diversity of amphipods was influenced by predation treatment 
independent of host and period of year. The diversity was higher on the uncaged treatment than 
the exclusion cage, while the open cage presented no difference in diversity compared to the 
other treatments (Fig. 3c). The diversity of amphipods was higher on Sargassum than on 
Dichotomaria during July. In contrast, there was no difference in diversity among algal hosts 
on February. Also, for Dichotomaria and Padina, the diversity of associated amphipods was 
higher on February than on July (Fig. 3d). 
 
Table 5. Composition of amphipod assemblages on manipulated algal hosts from the field experiment 
at Fortaleza beach, including mean density by predation treatment and period of year and total 
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abundance (n) of each amphipod species. Ec = Exclusion cage, Oc = Open cage and Un = Uncaged 
treatment. 
Species 
Mean density (ind./g) on February Mean density (ind./g) on July Total 
(n) Ec Oc Un Ec Oc Un 
Amphilochidae        
Hourstonius wakabarae - - 0.005 0.061 0.241 0.087 47 
Ampithoidae        
Ampithoe divisura 0.024 0.018 0.004 - - - 5 
Ampithoe marcuzzi 0.18 0.30 0.24 0.35 0.40 0.39 291 
Ampithoe ramondi 0.03 - 0.03 0.04 - - 6 
Ampithoe sp1 - 0.01 0.02 - 0.01 0.01 6 
Cymadusa filosa 3.01 3.85 2.46 0.45 0.46 0.68 914 
Sunamphitoe pelagica 0.38 0.55 0.15 1.02 0.97 1.24 324 
Aoridae        
Aora spinicornis 0.71 0.31 0.37 0.22 0.08 0.16 180 
Bateidae        
Batea catharinensis 1.37 1.92 1.09 29.15 25.94 11.63 9010 
Caprellidae        
Caprella danilevskii - 0.02 - 0.03 0.06 - 6 
Caprella equilibra - 0.02 - 0.01 0.01 - 3 
Caprella penantis - - - 0.03 0.03 - 7 
Caprella scaura 0.17 0.03 0.05 0.08 0.11 0.04 47 
Paracaprella pusilla - - 0.01 - - - 1 
Pseudaeginella montoucheti - - - - 0.01 - 1 
Corophiidae        
Laticorophium baconi 0.41 0.27 0.11 0.04 0.02 - 75 
Hyalidae        
Apohyale media - - 0.01 - 0.02 - 4 
Hyale macrodactyla - - - - 0.01 - 1 
Hyale niger 0.13 0.06 0.08 0.89 0.91 1.64 478 
Ischyroceridae        
Ericthonius brasiliensis 12.11 10.02 3.45 0.29 0.41 0.08 2113 
Jassa slatteryi - 0.05 0.03 0.07 0.15 0.03 29 
Lysianassidae        
Lysianassa tememino - - - 0.01 - - 1 
Shoemakerella cubensis - - 0.014 0.005 - - 3 
Maeridae        
Elasmopus brasiliensis 0.07 0.11 0.15 - 0.02 0.02 37 
Elasmopus longipropudus 0.02 - - - - - 3 
Elasmopus pectenicrus 0.07 - 0.08 0.01 0.01 - 20 
Elasmopus souzafilhoi 0.01 - - - - - 1 
Quadrimaera quadrimana - - 0.004 - - - 1 
Melitidae        
Dulichiella sp1 0.01 - - 0.01 - - 2 
Photidae        
Gammaropsis togoensis - - - - 0.004 - 1 
Photis longicaudata 0.13 0.21 0.14 - - - 54 
Podoceridae        
Podocerus fissipes 0.02 - - - - - 1 
Stenothoidae        
Stenothoe sp1 - 0.03 - 0.02 0.10 0.08 23 
Not identified 0.85 0.59 0.72 0.53 1.24 0.32 456 
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Table 6. Analysis of deviance for GLM (quasi-poisson distribution) fitted to density and diversity of 
amphipods by algal host, period of year and predation treatment (N = 2-5) on manipulated algal hosts 
from the field experiment at Fortaleza beach. 
Source of variation df Deviance Residual df Residual Deviance F P 
Density       
NULL - - 79 953.57  - 
Predation treatment (Pt) 2 189.19 77 764.38 23.31 <0.001 
Alga (Al) 2 256.33 75 508.05 31.58 <0.001 
Period (Pe) 1 129.55 74 378.51 31.93 <0.001 
Pt X Al 4 9.08 70 369.43 0.56 0.693 
Pt X Pe 2 0.77 68 368.66 0.10 0.909 
Al X Pe 2 70.30 66 298.35 8.66 <0.001 
Pt X Al X Pe 4 7.99 62 290.37 0.49 0.742 
       
Diversity       
NULL - - 79 16.70  - 
Predation treatment (Pt) 2 1.50 77 15.20 6.99 0.002 
Alga (Al) 2 0.82 75 14.39 3.80 0.028 
Period (Pe) 1 5.73 74 8.66 53.58 <0.001 
Pt X Al 4 0.29 70 8.37 0.68 0.611 
Pt X Pe 2 0.35 68 8.02 1.64 0.202 
Al X Pe 2 0.97 66 7.05 4.53 0.015 
Pt X Al X Pe 4 0.43 62 6.62 1.00 0.414 
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Figure 3. Density and diversity of amphipods on manipulated algal hosts from the field experiment at 
Fortaleza beach. (a) Density of amphipods (ind g-1) by predation treatment. (b) Density of amphipods 
by algal host and period of year. (c) Diversity of amphipods (ind g-1) by predation treatment. (d) 
Diversity of amphipods by algal host and period of year. Difference in letters between columns indicates 
significant difference (Tukey’s test, P<0.05). In (b) and (d), uppercase letters represent comparison 
between algal hosts on February, while lowercase letters represent comparison between algal hosts on 
July. * above horizontal line represents significant difference between periods of year for a single algal 
host (Tukey’s test, P<0.05). 
 
The composition of amphipod species was influenced by the algal host identity, period 
of year and predation treatment (Table 7). The composition of amphipods was different among 
all algal hosts regardless the predation treatment and period of year. The amphipods Batea 
catharinensis, Ericthonius brasiliensis, Cymadusa filosa and Sunamphitoe pelagica were 
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species that more contributed for differences among algal hosts (Table S3). In turn, the effect 
of predation treatment depended on the period of year. For all levels of predation treatment, 
there was a difference in assemblage’s composition between February and July. Also, the 
composition of amphipods on the uncaged treatment was different from those on exclusion and 
open cages on both periods of year, while no difference was observed between both cage 
treatments, suggesting a possible caging effect in the field experiment. In such comparisons, 
the amphipods Batea catharinensis, Ericthonius brasiliensis, Cymadusa filosa, Hyale niger and 
Sunamphitoe pelagica were species that more contributed for differences observed (Tables S4 
and S5). Overall, the amphipods E. brasiliensis and B. catharinensis had greater contribution 
for total amphipod abundance on February and July, respectively. Those species occurred in 
higher frequency on exclusion and open cages than on uncaged treatment. On February, the 
relative abundance of C. filosa and other less abundant amphipods was higher on uncaged 
treatment than on cage treatments. On July, S. pelagica and H. niger showed a pattern of relative 
abundance opposite to that present by B. catharinensis (Fig. 4). 
 
Table 7. PERMANOVA for composition of amphipods by algal host, period of year and predation 
treatment (N = 2-5) on manipulated algal hosts from the field experiment at Fortaleza beach. 
Source of variation df Mean square Pseudo-F P 
Alga (Al) 2 6503 12.99 <0.001 
Period (Pe) 1 65863 131.58 <0.001 
Predation treatment (Pt) 2 1280.6 2.56 0.003 
Al X Pe 2 839.03 1.68 0.082 
Al X Pt 4 512.3 1.02 0.439 
Pe X Pt 2 1592.3 3.18 <0.001 
Al X Pe X Pt 4 685.88 1.370 0.116 
Residual 62 500.57 - - 
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Figure 4. Relative abundance (%) of main amphipod species on manipulated algal hosts from the field 
experiment at Fortaleza beach. Ec = Exclusion cage, Oc = Open cage and Un = Uncaged treatment. 
 
Discussion 
We tested if amphipod’s assemblage is sensitive to the identity of algal host throughout 
time and, if so, how much predation pressure explains such spatial (i.e. among hosts) and 
temporal variation. The association of amphipods with seaweeds was strongly influenced by 
the host identity and varied temporally. Also, because caging artefacts were found at the field 
experiment, no clear effect of predation on amphipod’s assemblage could be detected. Even if 
predation has affected some of our results, such factor did not explain the temporal and spatial 
variation in amphipod assemblage, suggesting that other factors may be responsible for 
differences in composition of associated fauna among hosts and seasons. 
 
Temporal variation in host use by amphipods 
The composition of associated amphipods varied temporally within and between algal 
hosts. The temporal changes on the associated fauna can be a result of variation of host 
availability, predation pressure, resources and abiotic factors (Duffy and Hay 1991, 1994, 
Jacobucci et al. 2009). Overall, amphipods occurred in high abundance during summer than 
other seasons. Jacobucci et al. (2009) reported high levels of suspended solids in water during 
summer at the same study area. Suspended solids can benefit detritivorous amphipods, such as 
Ericthonius brasiliensis, which was more abundant during summer, since small organic 
particles can be used as food (Duggins and Eckman 1997). Also, a high level of suspended solid 
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can benefit amphipod species that have a tube-building behavior, such as the families 
Ampithoidae and Ischyroceridae, since such animals use small solid particles to build their 
domiciles (Ulrich et al. 1995). Furthermore, although it was not found a temporal variation in 
the epiphytic load throughout the present study (see Chapter 2), the epiphytism had a positive 
effect on diversity of amphipods. Epiphytes are an important food source for some herbivorous 
amphipods (Duffy 1990) and can also increase the structural complexity of habitat and, thus, 
benefit the occurrence of a diverse fauna (Martin-Smith 1993). 
Seaweeds differed from each other in its composition of associated amphipods, 
although they hosted a similar amphipod’s abundance and diversity along the sampling period. 
The amphipod species found in the present study vary from each other regarding feeding (e.g. 
herbivores, detritivores, omnivores and carnivores) and life habits (e.g. free-living, tube-
building) habits (Jacobucci et al. 2009, Guerra-García et al. 2014). Also, amphipod species 
sharing the same trophic level may differ in their ability of ingesting similar resources, such as 
reported for sympatric herbivorous species (Duffy 1990, Cruz-Rivera and Hay 2000a, 2000b, 
McDonald and Bingham 2010). Such differences in feeding and life habits can favor the co-
occurrence of the diversity of amphipod species found in the present study. However, the 
variation in such traits among species may not fully explain their coexistence since some 
species overlap in feeding and/or life habits and yet contributed to the structure of the studied 
community. Overall, the most abundant amphipod species, particularly those sharing the same 
feeding habit, presented a distinct host use and/or temporal distribution. For example, the 
carnivores H. wakabarae and Stenothoe sp1 were more abundant on Sargassum than other 
seaweeds, but the first one occurred in higher abundance during summer, while the latter was 
more abundant in other seasons. Also, the detritivore E. brasiliensis was more abundant on 
Sargassum and Dichotomaria during summer, while the detritivore L. baconi was more 
abundant on Dichotomaria during autumn. The detritivore A. spinicornis was more abundant 
on Padina. Such variation in spatial (i.e. among hosts) and temporal distribution may be a result 
of niche partitioning. Microhabitat segregation, differential host use and variation in phenology 
among co-occurring amphipod species has been previously reported (Poore et al. 2000, Best 
and Stachowicz 2014, Machado et al. 2015, Lürig et al. 2016) and can contribute to buffer 
competitive interactions and, thus, allowing the coexistence of species at a local community 
(Webb et al. 2002). Also, multiple co-occurring habitat-forming organisms are expected to 
increase the habitat complexity and, thus, facilitate the co-occurrence of species by mediating 
negative interactions, such as competition (Angelini et al. 2011). Therefore, mixed algal beds 
such as that studied herein, by offering a vast array of microhabitats, may affect the diversity 
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of associated fauna by facilitating the establishment of individuals, as well as by buffering 
competitive interactions. 
Likewise, a spatial and/or temporal segregation was evident among the most abundant 
herbivorous amphipods. The mesograzer S. pelagica occurred mainly in association with 
Sargassum, while C. filosa and B. catharinensis were more abundant on Padina during summer 
and winter, respectively. In turn, the herbivores A. marcuzzi and H. niger were more abundant 
on Dichotomaria. Although both A. marcuzzi and H. niger are herbivores, they differ from each 
other regarding life habits. Ampithoe marcuzzi build tubes on macrophytes it lives, while H. 
niger has a free-living habit and, thus, these species are likely to use their hosts differently. For 
example, Machado et al. (2015) found individuals of the Family Hyalidae presented a 
differential distribution along the Sargassum stenophyllum thallus, while the Family 
Ampithoidae had a similar density between apical and basal portions of that algal host. The 
variation in host use among these mesograzers may suggest they differ from each other in 
nutritional requirements and/or tolerance to chemical defenses presented by macrophytes 
(Duffy and Hay 1994, McDonald and Bingham 2010). Also, exploitative and interference 
competition have been evoked as an explanation for differences in spatial and/or temporal 
distribution among mesograzers (Edgar 1983, Edgar and Aoki 1993, Poore et al. 2000, 
Beermann et al. 2018). Yet, the variation among prey species in characteristics that elicit the 
attack of predators, such as size and mobility (Russo 1987, Caine 1989, Edgar and Aoki 1993), 
can contribute for differential predation on mesograzer species (e.g. Best and Stachowicz 
2012), which, in turn, may result in variation of host use by these herbivores. Rather than being 
exclusive, a combination of those hypotheses is likely to explain the host use by mesograzers. 
For example, the low abundance of C. filosa on Dichotomaria can be explained by the poor 
food value of such host for this mesograzer (see Chapter 2). However, the same cannot be said 
to explain the low abundance of C. filosa on Sargassum, which represents a suitable food for 
this consumer. In such case, predation seems to constrain the occurrence of C. filosa on 
Sargassum (see Chapter 2). Further investigation is required to understand whether the 
variation in host use by herbivorous amphipods found in the present study depends on the 
feeding habit of these consumers, competition interaction and/or predation.  
     The variation in host use among amphipod species suggests that the seaweeds used 
in the present study may offer different resources for the associated fauna. The three hosts had 
distinct structural characteristics. While Sargassum and Padina presented a similar TV/IV ratio, 
Sargassum had a higher interstitial and thallus volumes than Padina. In turn, Dichotomaria had 
a higher TV/IV ratio than those latter seaweeds, but lower interstitial and thallus volumes than 
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Sargassum. Interstitial volume is an important spatial component of habitat architecture of 
macrophytes because it represents the space between fronds available to the associated fauna 
(Hacker and Steneck 1990). Bueno et al. (2017) found that the only algal trait positively 
affecting the abundance of amphipods was the interstitial volume of algal hosts, and neither 
thallus volume nor TV/IV ratio had a relationship with abundance of amphipods. In the present 
study, although differences in interstitial volume among algal hosts were detected, the three 
seaweeds harbored a similar abundance and diversity of amphipods across seasons. Also, the 
three hosts have different morphologies. Sargassum presents a ramified thallus with a central 
branch and leaflike blades, while Padina has fan-shaped blades clustered and Dichotomaria 
has dichotomous and flat branches (Littler et al. 1989). Although differences in structural and 
morphological characteristics among hosts do not seem to explain the patterns of abundance 
and diversity of amphipods, such algal features can modulate other important factors to the 
associated fauna, such as the impact of wave action (Sotka 2007) and the capacity of sediment 
retention (Gibbons 1988, Prathep et al. 2003, De Oliveira et al. 2016), and, thus, may contribute 
for the variation in composition of amphipods among the three seaweeds. 
 
Effects of identity of algal host and predation on amphipod assemblage 
 No clear effect of predation was detected at the field experiment. The abundance of 
amphipods was lower on uncaged treatment than on exclusion treatment, while diversity was 
higher on uncaged treatment than on exclusion treatment. In such case, the effect of predation 
on diversity of amphipods can be exemplified by the decreasing in relative abundance of 
dominant species, such as B. catharinensis and E. brasilienses, and the increasing in relative 
abundance of other amphipod species on uncaged treatment. However, because caging artefacts 
were found, it is not possible to distinguish between caging and predation effects (Bell and 
Westoby 1986) and, thus, such findings should be taken with caution. One explanation for 
observed caging artefacts could be that the structure of open cages did not effectively allow the 
presence of predators, such as fishes. However, in another field manipulation using the same 
experimental apparatus (exclusion and open cages), it was found an effect of predation on the 
amphipod Cymadusa filosa within only 24 hours of experiment (see Chapter 2). The distinct 
results between both experiments could be because in the latter individuals of C. filosa were 
glued to the algal hosts, probably favoring their capture by predators, while in the present study 
alive amphipods could move among algal fronds. 
 Predation did not explain the temporal variation in amphipod assemblage. We expected 
to observe differences in predation pressure on amphipod assemblage between the periods of 
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the field experiment (i.e. February and July), which are likely to represent opposite extremes 
of climate conditions, because of possible temporal fluctuations in the abundance of predators, 
particularly fishes (e.g. Dubiaski-Silva and Masunari 2008). Although the composition of 
amphipods varied temporally in the field experiment, such result seems to reflect the natural 
temporal variation of species at the study area rather than a change of predation pressure. For 
example, abundant species on February (e.g. E. brasiliensis and C. filosa) and July (e.g. B. 
catharinensis, S. pelagica and H. niger) in the field experiment were also abundant at the same 
periods of sampling during 2014 (i.e. summer and winter, respectively). Also, differences in 
composition among cage and uncaged treatments were detected on both periods of experiment, 
suggesting that predation pressure did not vary along the year. Likewise, predation was not 
responsible for the variation in host use among amphipod species. Morphologically and 
structurally distinct macrophytes can offer different levels of refuge for associated fauna against 
predators (Holmlund et al. 1990, Vázquez-Luis et al. 2010) and, thus, predation was expected 
to change the composition of species among algal hosts. One explanation for the present 
findings is that the three seaweeds may have similar values as shelter against predation, despite 
their differences in morphological and structural characteristics. However, in some cases, 
physical attributes of algal hosts do not fully explain the predation rate on associated fauna (e.g. 
Holmlund et al. 1990). Other host traits, such as chemical compounds, can also affect the 
predation pressure on the associated fauna (Duffy and Hay 1994) and, thus, algal morphology 
may not be the predominant factor mediating that predator-prey interaction. 
 
Conclusions 
 We found that the amphipod assemblage, particularly those species sharing a similar 
feeding habit, varies among seasons and algal hosts, and predation is not the main explanation 
for such variation. In this sense, a mixed algal bed is likely to maintain a more diverse fauna 
than monospecific algal beds by providing a vast array of microhabitats and, thus, favoring the 
coexistence of multiple species. Therefore, the loss of macrophytes species is expected to have 
drastic effects on diversity of associated fauna and, consequently, on coastal food web. 
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Supplementary Material 
Table S1. SIMPER. Ordination of species presenting greater contribution (%) to pairwise dissimilarity 
of composition of amphipods among algal hosts within each season. For each comparison, the algal host 
where species occur in higher abundance is showed between parentheses. Only comparisons presented 
significant difference under pairwise test of PERMANOVA are showed. Di = Dichotomaria, Pa = 
Padina and Sa = Sargassum, A. m. = Ampithoe marcuzzi, B. c. = Batea catharinensis, C. f. = Cymadusa 
filosa, E. b. = Ericthonius brasiliensis, H. w. = Hourstonius wakabarae, H. n. = Hyale niger, S. s. = 
Stenothoe sp1, S. p. = Sunamphitoe pelagica. 
Season Di vs. Sa % Pa vs. Sa % Di vs. Pa % 
Summer H. w. (Sa) 19.7 H. w. (Sa) 17.6 - - 
 E. b. (Sa) 15.3 C. f. (Pa) 15.0 - - 
 S. p. (Sa) 10.6 E. b. (Sa) 11.6 - - 
       
Autumn S. s. (Sa) 20.3 S. s. (Sa) 20.8 H. n. (Di) 19.2 
 H. n. (Di) 15.9 C. f. (Pa) 14.2 C. f. (Pa) 17.7 
 S. p. (Sa) 15.4 S. p. (Sa) 13.4 A. m. (Di) 12.8 
 H. w. (Sa) 10.8 H. w. (Sa) 11.5 - - 
 A. m. (Di) 10.3 H. n. (Sa) 10.6 - - 
       
Winter S. p. (Sa) 17.5 B. c. (Pa) 15.2 S. p. (Pa) 17.2 
 A. m. (Di) 14.9 S. s. (Sa) 14.4 B. c. (Pa) 13.3 
 S. s. (Sa) 11.7 C. f. (Pa) 13.4 A. m (Di) 12.2 
 H. n. (Di) 11.1 S. p. (Pa)  13.4 H. n. (Di) 12.0 
 - - H. w. (Sa) 10.5 C. f. (Pa) 11.8 
       
Spring A. m. (Di) 24.3 C. f. (Pa) 19.4 B. c. (Pa) 20.8 
 H. w. (Sa) 20.1 B. c. (Pa) 17.3 C. f. (Pa) 19.2 
 S. s. (Sa) 17.1 H. w. (Sa) 13.5 A. m. (Di) 11.4 
 - - S. s. (Sa) 11.9 - - 
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Table S2. SIMPER. Ordination of species presenting greater contribution (%) to pairwise dissimilarity 
of composition of amphipods among seasons for each algal host. Sum = Summer, Aut = Autumn, Win 
= Winter and Spr = Spring. For each comparison, the season when species occur in higher abundance is 
showed between parentheses. Only comparisons presented significant difference under pairwise test of 
PERMANOVA are showed. Sum = Summer, Aut = Autumn, Win = Winter and Spr = Spring, A. m. = 
Ampithoe marcuzzi, A. s. = Aora spinicornis, B. c. = Batea catharinensis, C. f. = Cymadusa filosa, E. b. 
= Ericthonius brasiliensis, H. w. = Hourstonius wakabarae, H. n. = Hyale niger, L. b. = Laticorophium 
baconi, S. s. = Stenothoe sp1, S. p. = Sunamphitoe pelagica. 
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Table S3. SIMPER. Ordination of species presenting greater contribution (%) to pairwise dissimilarity 
of composition of amphipods among algal hosts from field experiment. Di = Dichotomaria, Pa = Padina 
and Sa = Sargassum. All comparisons presented significant difference under pairwise test of 
PERMANOVA. 
Di vs. Sa % Pa vs. Sa % Di vs. Pa % 
Batea catharinensis 23.4 Batea catharinensis 14.8 Batea catharinensis 27.6 
Ericthonius brasiliensis 17.9 Ericthonius brasiliensis 19.9 Ericthonius brasiliensis 18.6 
Sunamphitoe pelagica 14.0 Cymadusa filosa 13.6 Cymadusa filosa 14.3 
Cymadusa filosa 11.3 - - - - 
 
 
Table S4. SIMPER. Ordination of species presenting greater contribution (%) to pairwise dissimilarity 
of composition of amphipods among predation treatments within each period of year from field 
experiment. Ec = Exclusion cage, Oc = Open cage and Un = Uncaged. Only comparisons presented 
significant difference under pairwise test of PERMANOVA are showed. 
Period of year Ex vs. Un % Oc vs. Un % 
February Ericthonius brasiliensis 29.7 Ericthonius brasiliensis 28.2 
 Batea catharinensis 12.8 Batea catharinensis 15.7 
 Cymadusa filosa 10.4 Cymadusa filosa 10.7 
     
July Batea catharinensis 28.2 Batea catharinensis 27.3 
 Sunamphitoe pelagica 15.4 Sunamphitoe pelagica 14.4 
 Hyale niger 15.0 Hyale niger 13.2 
 Cymadusa filosa 10.2 - - 
 
 
Table S5. SIMPER. Ordination of species presenting greater contribution (%) to pairwise dissimilarity 
of composition of amphipods among periods of year within each predation treatment from field 
experiment. Feb = February and Jul = July. All comparisons presented significant difference under 
pairwise test of PERMANOVA. 
Predation treatment Feb vs. Jul % 
Exclusion cage 
Batea catharinensis 29.1 
Ericthonius brasiliensis 25.8 
Cymadusa filosa 12.9 
   
Open cage 
Ericthonius brasiliensis 25.5 
Batea catharinensis 25.0 
Cymadusa filosa 15.3 
   
Uncaged 
Batea catharinensis 25.9 
Ericthonius brasiliensis 18.7 
Cymadusa filosa 15.1 
Hyale niger 10.3 
Sunamphitoe pelagica 10.0 
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Chapter 2: The relative importance of predation and food quality as factors determining 
the host use by a generalist marine mesograzer   
 
Introduction 
Small herbivores, such as insects and amphipods, have significant effects on the 
organization of terrestrial and aquatic communities of primary producers (Hillebrand et al. 
2007, Poore et al. 2012). The extent to which those consumers affect the biomass and diversity 
of macrophytes is influenced by the resource quality and natural enemies (Duffy and Hay 2000, 
Denno et al. 2003, Bruno and O’Connor 2005, Byrnes et al. 2006), selective forces that have 
strong impact on the fitness of small herbivores (Damman 1987, Duffy and Hay 1991, 1994, 
Lasley-Rasher et al. 2011, Vidal and Murphy 2018). Thus, investigating both top-down and 
bottom-up factors controlling the distribution of herbivores can contribute to predict the impacts 
of these consumers on ecosystems. However, the simultaneous test of the role of natural 
enemies and resource quality on marine small herbivores’ fitness has been rarely carried out 
(Duffy and Hay 1991, 1994, Sotka 2007, Lasley-Rasher et al. 2011, Wernberg et al. 2013), 
limiting generalizations on the relative importance of these selective forces on marine primary 
consumers, in contrast with terrestrial herbivore-plant interactions (e.g. Vidal and Murphy 
2018). 
Marine macrophytes host a variety of small invertebrates, including herbivorous species 
(Taylor and Cole 1994, Tanaka and Leite 2003). In such interaction, macrophytes provide food 
and buffer unfavorable factors (e.g. dislodgment by waves, predation pressure) to the associated 
fauna (Sotka 2007, Zamzow et al. 2010). While some primary consumers can benefit their hosts 
by primarily feeding on epiphytes (Cook et al. 2011, Berthelsen and Taylor 2014, Reynolds et 
al. 2014), other mesograzers readily feed on the host macrophyte (Duffy 1990, Poore and 
Steinberg 1999, Taylor and Brown 2006, McDonald and Bingham 2010, Machado et al. 2017). 
The host use by marine small herbivores depends on both refuge and food provided by 
macrophytes (Duffy and Hay 1991, 1994, Sotka 2007, Lasley-Rasher et al. 2011). By 
investigating the patterns of abundance, feeding (or habitat) preference and performance of 
mesograzers across different hosts, it is possible to infer the relative importance of intrinsic 
(e.g. food quality) versus extrinsic (e.g. predation, wave action) factors of macrophytes in 
determining the host use by these consumers (Duffy and Hay 1991, Poore and Steinberg 1999, 
Taylor and Brown 2006, McDonald and Bingham 2010). A mismatch between abundance and 
preference and/or performance of mesograzers suggests that the extrinsic factors to the host are 
relatively more important than food quality in determining the host use by mesograzers (Duffy 
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and Hay 1991, 1994, Sotka 2007, Lasley-Rasher et al. 2011), while a positive correlation 
between those variables suggests the mesograzer-host interaction is primarily driven by the 
food quality of the host macrophyte (e.g. Poore and Steinberg 1999). Also, a positive correlation 
between abundance and preference and/or performance is expected if the preference for specific 
hosts has evolved in response to extrinsic factors, such as predation pressure (Hay et al. 1989, 
Hay et al. 1990). In both cases, testing the role of predation on the host use by mesograzers can 
greatly contribute to the understanding of such herbivore-plant interactions and, thus, to 
disentangle the relative importance of resource quality and natural enemies on the distribution 
of mesograzers. 
The food and refuge values of macrophytes are often related to their morphological and 
chemical traits (Nicotri 1980, Hay et al. 1989). Nutritional content, chemical defenses and 
tissue toughness can have strong impacts on the preference and performance of mesograzers 
(Nicotri 1980, Duffy 1991, 1994, Poore and Steinberg 1999, Cruz-Rivera 2000, 2001, 
Jormalainen et al. 2001). Also, mesograzers feeding and living on chemically defended 
macrophytes, which are often unpalatable for fishes, are likely to be less vulnerable to predation 
(Hay et al. 1989, Hay et al. 1990, Duffy and Hay 1994). Likewise, hosts presenting a complex 
morphology can benefit mesograzers by offering a better refuge against predation than 
morphologically simple hosts (Zamzow et al. 2010, but see Holmlund et al. 1990). However, 
refuge and food values of host macrophyte are not always positively linked, and, thus, 
mesograzers must deal with a trade-off between fulfilling nutritional requirements and 
searching for a suitable shelter (Duffy and Hay 1991, Boström and Mattila 1999, Sotka 2007, 
Beermann et al. 2018). For generalist marine mesograzers, particularly crustacean species, 
which are able to circumvent chemical defenses and low nutritional content of macrophytes 
(Duffy and Hay 1994, Cruz-Rivera 2000, 2001) and, thus, can potentially use a broad range of 
hosts (Poore et al. 2008), it is expected that extrinsic factors to the host, such as predation, have 
a strong influence on the herbivore-plant interaction (e.g. Duffy and Hay 1991, 1994, Lasley-
Rasher et al. 2011). 
The generalist mesograzer Cymadusa filosa Savigny, 1816 (Family Ampithoidae) is a 
tropical and warm-temperate cosmopolitan marine amphipod commonly found in association 
with a variety of macrophyte species of hard substrates (Barnard 1965, Tararam et al. 1986, 
Dubiaski-Silva and Masunari 1995, Tanaka and Leite 2003, Appadoo and Myers 2004, Bueno 
et al. 2017) and is able to feed and survive on different diets (Machado et al. 2017). Although 
this herbivore has a broad host range, its density is strongly affected by the algal host identity 
(Tavares et al. 2013, Bueno et al. 2017). Also, there is evidence that the host use by C. filosa 
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does not match its feeding preference (Tavares et al. 2013), suggesting that extrinsic factors to 
the hosts may be responsible for the natural distribution of such mesograzer. In the present 
study, we tested the food and refuge values of seaweeds for the herbivorous amphipod C. filosa. 
We asked (1) Does the algal host identity influence the field pattern of abundance of C. filosa? 
(2) How much does the feeding preference of that herbivore explains its field distribution across 
algal hosts? (3) Does the algal host identity affect the feeding rate of C. filosa? (4) Does the 
food quality, evaluated as consumer performance (e.g. survival, growth and reproductive 
potential), explain the feeding preference of C. filosa? (5) Does the algal host identity affect the 
vulnerability of C. filosa to predation?   
 
Material and Methods 
Study area 
 Sampling was carried out in a rocky shore at Fortaleza Beach (23º32’S, 45º10’W), 
Ubatuba, on the north coast of the state of São Paulo, Brazil. The subtidal zone of the rocky 
shore is dominated by the brown seaweed Sargassum filipendula (Széchy and Paula 2000), but 
other seaweed species, such as Dictyota cervicornis, Padina gymnospora and Dichotomaria 
marginata (formerly known as Galaxaura marginata), also contribute to the composition of 
the algal bed (G.B.O. Machado, pers. obs.). Many invertebrate feeders, such as the fishes 
Bathygobius soporator, Diplodus argentus, Haemulon steindachneri, Malacoctenus delalandii, 
Stephanolepis hispidus and Sphoeroides greeleyi can be found foraging among algal fronds 
(Sazima 1986, Pereira and Jacobucci 2008, G.B.O. Machado, pers. obs.). 
 
Field pattern of host use by Cymadusa filosa 
 To investigate the role of algal host identity on the distribution of C. filosa, sampling 
was carried out seasonally during 2014: summer (January and February), autumn (April and 
May), winter (July and August) and spring (October and November). Fronds of the algal hosts 
S. filipendula, P. gymnospora and D. marginata were sampled underwater (N =10 for each 
algal host by season) stored in 0.2 mm mesh size bags and frozen at the laboratory. After 
washing samples under freshwater, all mobile fauna was preserved in 70% alcohol. The number 
of C. filosa amphipods per sample was recorded. The density of C. filosa (ind/g) was calculated 
considering the total wet mass of algal fronds (i.e. algal host mass plus epiphytes mass). 
Epiphytism was estimated as the ratio between epiphytes mass and total mass of the algal frond 
and represented as percentage (see Chapter 1 for further details about estimative of algal mass). 
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Feeding and performance experiments 
 Algae and amphipods were collected at Fortaleza beach. After sampling, associated 
fauna was carefully removed from algal fronds. Algae and C. filosa amphipods were kept at 
laboratory in tanks with seawater, under 12:12 photoperiod and at a temperature of 23°C. 
Amphipods were fed a mix of algal hosts, such as Sargassum, Dichotomaria and Padina, and 
epiphytes, such Hypnea musciformis, commonly found at the study area. For the following 
experiments, the common algal hosts at the study area Sargassum, Dichotomaria and Padina 
were used. The brown alga Dictyota cervivcornis was used only in the choice feeding 
experiment because it was not available in a sufficient abundance at the study area when the 
other experiments were carried out. 
To test if the pattern of host use by C. filosa can be explained by its feeding preference, 
a choice feeding experiment was performed on January 2015 using the following algal species: 
Dictyota cervicornis, Dichotomaria marginata, Padina gymnospora and Sargassum 
filipendula. Adult amphipods were individually kept in cups with seawater (300 mL) and about 
100 mg of each algae species for 65 hours (N = 17 for each algae species). Also, to account for 
autogenic changes in algal mass (i.e. those not caused by herbivory), there were replicates with 
algae, but no amphipods (N=17) (Peterson and Renaud 1989). Algal pieces were patted dry in 
a sheet paper and weighed to estimate the wet mass of each algal host at the beginning and the 
end of the experiment. For each algal host, the consumption (mg) in each cup was estimated 
according the formula: [(H0 X Cf/C0) – Hf)], where H0 and Hf represent the initial and final algal 
mass in cups with herbivores, respectively, and C0 and Cf represent the initial and final algal 
mass in cups without herbivores, respectively (see Cronin and Hay 1996). Furthermore, to test 
if C. filosa is able to feed on Dichotomaria, Sargassum and Padina, and to estimate its feeding 
rate on each of those hosts, a no-choice feeding experiment was performed on November 2017. 
Amphipods were individually kept in cups with seawater (60 mL) and a single algal species 
was offered for 64 hours (N = 20 for each algae species). For estimative of consumption, the 
same procedures described above were applied. For both feeding experiments, the cups with 
dead amphipods at the end of the assay were not used for analyses. Also, after estimating the 
algal mass changes considering autogenic changes (see formula above), negative values were 
assumed as zero for analyses (i.e. no consumption). 
To investigate if feeding preference of C. filosa is related to food quality, a performance 
experiment was carried out using juveniles on October 2015. For that, newborn amphipods 
were obtained from females of the laboratory cultures. For each treatment, 3 to 5 juveniles from 
each female were used to control for possible hereditary effects that could cause differences 
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among treatments. Juveniles were individually kept in cups with seawater (~60 mL) and one of 
the following diets (N = 36 for each algal species): Sargassum, Padina, Dichotomaria and 
control (i.e. without food). Every 3 to 5 days, cups were cleaned and seawater was replaced to 
remove fecal pellets. Amphipods were checked daily for mortality and presence of females 
carrying unfertilized eggs in their brood pouch (hereafter, referred as females with eggs). Dead 
individuals and females with eggs were preserved in 70% alcohol for further analyses. After 28 
days of experiment, when most females from at least one treatment presented eggs, all living 
amphipods were frozen and then preserved in 70% alcohol. Survival (%) was estimated as the 
percentage of living amphipods per day until the first female presented eggs. Growth (mm/day) 
was estimated by measuring the length from the head to the telson only for amphipods that 
survived after all individuals in the control had perished. The reproductive potential was 
estimated from the number of eggs per female. 
 
Predation experiments 
 To test if the pattern of host use by C. filosa depends on the refuge value of the algal 
host against predation, experiments were carried out at laboratory and field conditions. 
Amphipods used in the following experiments were collected and kept at laboratory conditions 
as described above. The frillfin goby Bathygobius soporator was used as model of fish predator 
in the laboratory experiment. Small invertebrates associated with Sargassum, such as 
amphipods, represent a great fraction of the diet of that predator (Dubiaski-Silva and Masunari 
2008). Also, this predator can be found at the study site foraging among algal fronds (G.B.O. 
Machado, pers. obs.). For the experiment, fishes were collected using fishing rod with live bait. 
After capture, fishes were placed in thermal boxes with seawater and transported to the 
laboratory, where they were kept in tanks (~ 100 L) with constant seawater flux and 
oxygenation. Fishes (length = 8.12±0.97 cm) were kept under 12:12 photoperiod and at 
temperature of 23-26°C to acclimate for at least 7 days before the experiment. During this 
period, fishes were fed shrimp. Before starting the experiment, fishes were kept 72 hours 
without food to enhance the motivation for foraging (Tomida et al. 2012). 
 
Laboratory experiment 
  The laboratory experiment was performed to compare the survival of C. filosa adults 
in association with different algal hosts when it is exposed to a fish predator. The experiment 
was carried out on August 2015. Each experimental unit had one fish and ten amphipods added 
to a plastic container with seawater (~ 20L) and one of the following treatments: Sargassum, 
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Padina, Dichotomaria and without algal host (control) (N = 5-6 per treatment). In each replicate 
of treatments with algae, fronds with ~ 7.5 g of wet mass were used (Sargassum = 7.5±1.4 g, 
Padina = 6.5±0.9 g, Dichotomaria = 8.7±0.8 g), representing a similar density of C. filosa at 
the field during summer (see Results). Fronds were kept steady underwater by tying their 
holdfast to a small marble block (5 cm X 5 cm) using nylon wire. Amphipods were added to 
the plastic containers and, after two hours of acclimation, fishes were introduced. After two 
hours of experiment, fishes were removed from plastic containers and the number of alive 
amphipods was recorded. In a pilot experiment, it was observed that two hours were sufficient 
for one fish predator consuming ten amphipods. 
 
Field experiment 
 The field experiment was carried at Fortaleza beach on March 2017 considering the 
following factors: predation (2 levels) and identity of algal host (2 levels), with five replicates 
at each level combination. Predation treatments consisted of exclusion cage (i.e. that excludes 
predators) and open cage (i.e. that allows the access of predators). For algal hosts, only S. 
filipendula and P. gymnospora were used because of their great value as food for C. filosa (see 
Results). 
Fronds of algal hosts Padina and Sargassum were collected at the study area. At the 
laboratory, algal fronds were cleaned under seawater to remove mobile and sessile organisms. 
Cymadusa filosa adults were obtained from cultures at the laboratory, frozen and preserved in 
70% alcohol. After patting dry algal tissues, amphipods were haphazardly glued to algal fronds 
with similar wet mass (Padina = 5.6±0.6 g; Sargassum = 5.2±0.6 g). Algal fronds with 
amphipods (10 ind/frond) were transported to the field and tied to one of the predation 
treatments. Plastic cages (i.e. exclusion and open cages) were attached to a rope with fishing 
float and to an iron stick, buried into the sediment. All cages were randomly placed parallel to 
the rocky shore, keeping a distance of 1.5 m between each replicate (see Chapter 1 for further 
details about experimental set-up). After 24 hours, fronds were removed from cages 
underwater, stored in 0.2 mm mesh size bags and carried to the laboratory, where they were 
inspected and the number of remaining C. filosa amphipods was recorded. 
 
Data analysis 
 The density of C. filosa was analyzed using a general linear model (GLM) with a quasi-
poisson distribution, considering the factors algal host and season and the co-variable 
epiphytism. Non-significant interaction between a factor and the co-variable was dropped from 
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the model. By using an analysis of deviance, no significant differences were found between full 
and reduced models. Also, GLM with a quasi-poisson distribution was used to compare 
epiphytism among algal hosts and seasons. The consumption by C. filosa in the choice feeding 
experiment was analyzed using the Hotelling T2 test, a multivariate approach suitable to deal 
with the dependence due to the simultaneous offering of multiple foods (Lockwood 1998). For 
that, the proportional consumption of each algal species to the total algal consumption in a 
replicate was used as response variable and a post hoc pairwise test was used to explore 
differences in consumption among algal foods (Lockwood 1998). For the no-choice feeding 
experiment, consumption among algal foods was compared using one-way ANOVA. For the 
performance experiment, Log-rank test was used to verify the effect of diet on survival of C. 
filosa, followed by pairwise comparisons among diets (Fox 2001). One-way ANOVA and GLM 
with a negative binomial distribution were used to compare growth and number of eggs per 
female, respectively, among diets. For both predation experiments, GLM with quasi-poisson 
distribution was used to compare the number of amphipods among treatments. For all analyses 
using GLM, results were interpreted by analysis of deviance. Tukey’s test was used to explore 
differences among groups of significant factors. For the analysis of epiphytism, because there 
was a significant interaction between algal host and season factors (see Results), we used 
contrasts only for comparisons of interest (i.e. among algal hosts within same season and among 
seasons within same algal host). For ANOVAs, assumptions were graphically checked. 
Analyses were performed using R 3.2.3 (R Core Team 2015). 
 
Results 
Field pattern of host use by Cymadusa filosa 
 The mesograzer C. filosa occurred on all seasons and algal hosts. The highest mean 
density of C. filosa was during summer (1.1±2.4 ind./g), while the lowest mean density was 
during winter (0.5±0.8 ind./g). The abundance of C. filosa was strongly affected by the algal 
host identity (Table 1). This amphipod occurred on Padina in a density about 5 and 10 times 
greater than that observed on Dichotomaria and Sargassum, respectively. In turn, 
Dichotomaria harbored twice more C. filosa individuals than Sargassum (Fig 1). Also, a 
significant effect of the interaction term ‘season X epiphytism’ was detected (Table 1). 
However, further post hoc analyses did not indicate significant relationship between the density 
of C. filosa and epiphytism within any season (GLM, Summer: Intercept = -0.14, Slope = 0.04, 
t = 0.67, P = 0.506; Autumn: Intercept = -0.36, Slope = -0.04, t = -1.10, P = 0.283; Spring: 
Intercept = -0.16, Slope = -0.03, t = -0.43, P = 0.669; Winter: Intercept = -0.24, Slope = -0.17, 
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t = -1.48, P = 0.151). Furthermore, the epiphytism was affected by the algal host identity, but 
it depended on the season (Table 1). During spring, the epiphytism was 2.4 and 3.5 times higher 
on Sargassum than Padina and Dichotomaria, respectively, while it did not vary among algal 
hosts on other seasons neither among seasons for each algal host. 
 
Table 1. Analysis of deviance for GLM (quasi-poisson distribution) fitted to the density of Cymadusa 
filosa and epiphytism on algal hosts at Fortaleza beach throughout 2014. 
Source of variation df Deviance Residual df Residual Deviance F P 
Cymadusa filosa       
NULL - - 119 184.43  - 
Alga (Al) 2 73.37 117 111.06 36.80 <0.001 
Season (Se) 3 10.51 114 100.55 3.51 0.018 
Epiphytism (Ep) 1 4.35 113 96.20 4.37 0.039 
Al X Se 6 5.71 107 90.49 0.95 0.460 
Se X (Ep) 3 11.66 104 78.84 3.90 0.011 
       
Epiphytism       
NULL - - 119 680.62  - 
Alga (Al) 2 84.91 117 595.71 8.60 <0.001 
Season (Se) 3 29.20 114 566.51 1.97 0.123 
Al X Se 6 75.77 108 490.74 2.56 0.024 
 
 
Figure 3. Mean density of Cymadusa filosa (ind g-1) by algal host at Fortaleza beach throughout 2014. 
Difference in letters between columns indicates significant difference (Tukey’s test, P<0.05). Error bars 
represent standard error (SE). 
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Feeding and performance experiments 
 In both feeding experiments, the algal host identity affected the consumption by C. 
filosa. When a choice was offered, such herbivore consumed about 5-9 times more Padina and 
Sargassum than Dictyota and Dichotomaria (Hotelling T2 test, T2 = 305.12, F(3, 14) = 88.99, P 
< 0.05) (Fig 2a). In the no-choice feeding experiment, C. filosa consumed about 2 times more 
Padina and Sargassum than Dichotomaria (ANOVA, F(2, 55) = 23.82, P < 0.001) (Fig 2b). At 
the long-term experiment, diet significantly affected all performance variables of C. filosa. 
Survival of C. filosa juveniles was higher on algal treatments than control (no food) (Chi-
squared = 192, df = 3, P < 0.05), but it did not differ among the three algal treatments (Fig 3a). 
Growth of the herbivore was faster on Padina and Sargassum diets than on Dichotomaria diet 
(ANOVA, F(2, 98) = 32.82, P < 0.001) (Fig 3b). Also, females that fed Padina presented more 
eggs than those raised on Dichotomaria (GLM, Deviance = 6.37, Residual deviance = 17.41, P 
= 0.042). In turn, females fed on Sargassum presented an intermediate number of eggs (Fig 3c). 
 
 
Figure 4. Mean consumption (mg) of fresh algal tissues by Cymadusa filosa in (a) choice (N = 17) and 
(b) no-choice (N = 18-20) feeding experiments. Difference in letters between columns indicates 
significant difference (Tukey’s test, P<0.05). Error bars represent standard error (SE). 
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Figure 5. Performance of Cymadusa filosa fed algal diets. (a) Survival (%) (n = 34 - 36); (b) Growth; 
(c) Number of eggs per female. In (a), diets sharing the same vertical solid line are not significant 
different. Co = control diet, Di = Dichotomaria diet, Pa = Padina diet, Sa = Sargassum diet. In (b) and 
(c), differences in letters between bars indicate a significant difference (Tukey’s test, P < 0.05). Number 
of replicates per diet is indicated within bars. Error bars represent standard error (SE). 
 
Predation experiments 
 At laboratory conditions, the algal host identity did not affect the vulnerability of C. 
filosa to predation (GLM, Deviance = 7.52, Residual deviance = 23.04, F(3, 19) = 2.68, P = 
0.076), although there was a trend for lower survival of C. filosa on the control (i.e. without 
algal host) compared to the treatments with algal hosts (Fig 4a). In contrast, in the field 
experiment, the vulnerability of C. filosa to predation depended on the algal host identity (Table 
2). After 24 hours of experiment, there was no significant difference in the number of remaining 
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amphipods between exclusion and open cages with Padina. However, in the cages with 
Sargassum, there was a lower number of amphipods remaining on open cages than exclusion 
cages (Fig 4b). A summary of the relative abundance, feeding behavior and performance of C. 
filosa among different algal hosts from the present and previous results at the study area is 
presented in Table 3. 
 
Table 2. Analysis of deviance for GLM (quasi-poisson distribution) fitted to remaining C. filosa 
amphipods by algal host and predation treatment (N=5) after 24 hours of field experiment Fortaleza 
beach on March 2017. 
Source of variation df Deviance Residual df Residual Deviance F P 
NULL - - 19 26.183  - 
Alga (Al) 1 6.87 18 19.31 12.28 0.003 
Predation treatment (Pt) 1 4.46 17 14.86 7.96 0.012 
Al X Pt 1 2.66 16 12.19 4.76 0.044 
    
 
Figure 6. Predation experiments. (a) Number of alive amphipods by treatment after 2 hours of exposure 
to a fish predator at laboratory (N = 5-6). (b) Number of remaining amphipods by predation treatment 
and algal host after 24 hours of predation experiment at field (N = 5). * represents significant difference 
between cages of a same algal host (Tukey’s test, P<0.05). Error bars represent standard error (SE). 
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Table 3. Summary of the relative abundance, feeding behavior and performance of C. filosa among algal 
hosts. 
Variable 
Algal host 
Reference* 
Dictyota Dichotomaria Padina Sargassum 
Abundance - Intermediate Higher Lower 1, 2 
Feeding choice Avoided Avoided Preferred Preferred 1-4 
Feeding rate Similar to 
Sargassum 
Lower Higher Higher 1, 3 
Survival Similar to 
Sargassum 
Similar Similar Similar 1, 3 
Growth Lower than 
Sargassum 
Lower Similar Similar 1, 3 
Reproductive potential Lower than 
Sargassum 
Lower Higher Intermediate 1, 3 
Refuge value against 
predation at laboratory 
- Similar Similar Similar 1 
Refuge value against 
predation at field 
- - Higher Lower 1 
* (1) Present study, (2) Tavares et al. (2013), (3) Machado et al. (2017) and (4) Jacobucci and Leite 
(2014). 
 
Discussion 
 The seaweeds used as model of hosts differed from each other in food and refuge values 
for the mesograzer Cymadusa filosa. The brown algae Padina and Sargassum represented high-
quality foods, since juveniles fed on those diets had higher performance than those raised on 
Dichotomaria. Such result matched the feeding preference of Cymadusa for those brown algae. 
However, the food value of algal hosts solely did not fully explain the pattern of host use by 
Cymadusa, since this amphipod occurred in higher abundance on Padina than on Sargassum. 
Likewise, the poor-quality food Dichotomaria harbored more Cymadusa amphipods than the 
high-quality food Sargassum. The difference among algal hosts in their value as refuge against 
predation, such as the one observed between Padina and Sargassum, is more likely to explain 
the host use by Cymadusa. Such findings corroborate the hypothesis that the host use by 
generalist mesograzers is mainly limited by extrinsic factors to the host, such as predation 
(Duffy and Hay 1991, 1994, Lasley-Rasher et al. 2011). 
Cymadusa filosa had higher feeding preference towards Padina and Sargassum, 
avoiding other algal foods, such as Dichotomaria and Dictyota. The feeding preference of 
Cymadusa could be explained by the food quality of algal hosts since the consumption of 
preferred foods (i.e. Padina and Sargassum) resulted in higher growth and reproductive 
potential for Cymadusa juveniles. On the Dichotomaria diet, juveniles were able to survive at 
similar rate compared to other algal diets, but they had lower growth and reproductive potential. 
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The poor performance of Cymadusa on Dichotomaria may be related to its limited ability to 
feed on this seaweed, as this mesograzer fed on Dichotomaria in a lower rate than it did on 
Padina and Sargassum. Thallus toughness can affect the consumption by small herbivores 
(Cruz-Rivera and Hay 2001). Dichotomaria seems to have tougher tissues than Padina and 
Sargassum (G.B.O. Machado, pers. obs.), which could explain the rejection of this red seaweed 
by Cymadusa. Also, although Cymadusa is able to feed and survive on D. cervicornis (Machado 
et al. 2017), chemical defenses presented by this brown seaweed (Paul and Hay 1986, Pereira 
et al. 2002) may discourage its consumption by this mesograzer, especially when other 
alternative foods are available. 
 For marine and terrestrial small herbivores, a positive correlation between the feeding 
(or habitat) preference of adults and the performance of juveniles, such as the one found herein, 
is advantageous, since the host use by the offspring is mostly constrained by the female’s host 
choice (Poore and Steinberg 1999, Gripenberg et al. 2010). Such relationship has been reported 
for other marine mesograzers (Poore and Steinberg 1999, Taylor and Brown 2006, Machado et 
al. 2017), although it is not always the case (Jormalainen et al. 2001, Cruz-Rivera and Hay 
2001). Also, Cymadusa was able to feed and survive on Dichotomaria, despite the negative 
effects of this diet at the long-term. Overall, herbivorous amphipods of the Family Ampithoidae 
are generalist feeders (Poore et al. 2008), a feature that can benefit the maintenance of their 
populations throughout time, particularly in a context of temporal variation of host availability 
(Duffy and Hay 1991). Although the feeding behavior of Cymadusa may be affected by some 
algal traits, this generalist mesograzer is able to feed and survive on different diets (e.g. 
Machado et al. 2017), which could enable it to live on alternative hosts when high-quality algal 
foods are scarce or not suitable as refuge against predation.  
 Despite the feeding preference and performance of Cymadusa was similar among 
Padina and Sargassum, such result did not explain the pattern of host use by this mesograzer, 
since its abundance was about ten times greater on Padina than on Sargassum. Also, although 
Dichotomaria showed low-quality as food for Cymadusa, such algal host harbored twice more 
amphipods than the high-quality food Sargassum. Such findings suggest extrinsic factors to the 
host are important components determining the host use by Cymadusa. In the present study, we 
tested the effect of predation on the association of Cymadusa with different algal hosts. At 
laboratory, no clear difference in protection against predation was observed among treatments, 
although there was a trend for lower survival of Cymadusa in the absence of algal substrate. In 
contrast, at the field experiment, we found that Padina provided a better refuge against 
predation for Cymadusa than Sargassum. Such result can explain the low density of Cymadusa 
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on Sargassum, despite the high-quality food of such algal host. Therefore, top-down factors 
may have a strong effect on the host use by Cymadusa, concurring with findings for other 
generalist mesograzers (Duffy and Hay 1991, 1994, Lasley-Rasher et al. 2011). 
 The contrasting results among the predation experiments may be a consequence of 
different predation pressures between both experimental approaches. At the laboratory 
experiment, only one fish species was used. In contrast, at the field experiment, many species 
of predators, mainly fishes, could have accessed the open cages and preyed upon amphipods 
on the algal hosts. Thus, the predation pressure under laboratory conditions may have been 
underestimated. Furthermore, contrary to the laboratory experiment, where amphipods were 
alive and able to escape from the predator, Cymadusa amphipods were glued to algal blades at 
the field experiment, which probably makes it easier for predators to capture them. Despite 
such differences between experiments, ampithoid amphipods, such as Cymadusa, are tube-
builders and assumed to have lower mobility when compared to other free-living amphipods 
(Duffy and Hay 1994). Also, field predation experiments similar to the one in the present study 
have been successfully carried out with tube-builder amphipods in other studies (Duffy and 
Hay 1994, Sotka 2007, Lasley-Rasher et al. 2011) and can be valuable since they allow us to 
evaluate the vulnerability of preys to a variety of predator species present at the field, contrary 
to laboratory experiments where the predator-prey system is constrained to one or few species 
used as model of predators.  
 The variation in refuge value among Padina and Sargassum found at the field 
experiment may be a result of differences in morphological traits between those algal hosts. 
Padina has clustered fan-shaped blades, while Sargassum has one or more branches with leaf-
like blades narrower than those on Padina (Littler et al. 1989). The clustered morphology of 
Padina may offer more hidden refuges to amphipods than the leaf-like blades of Sargassum. 
Furthermore, considering the greater size of Cymadusa compared to other co-occurring 
herbivorous amphipods at the region (Jacobucci and Leite 2006), it is likely to be more 
vulnerable to predation, since a great prey size can facilitate the detection by visual-oriented 
predators, such as fishes (Main 1985). Thus, inhabiting a host where Cymadusa is better hidden, 
such as Padina, may reduce its mortality caused by predators. 
 The field distribution of Cymadusa was strongly dependent on the algal host identity. 
This result seems to be explained by both food and refuge values of the algal hosts investigated 
herein. Also, it could be argued that epiphytes influenced the host use by Cymadusa because of 
their role as food for mesograzers (Duffy 1990, Karez et al. 2000) and/or by increasing the 
habitat complexity of algal hosts (Martin-Smith 1993). Although Cymadusa is able to feed and 
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survive on common epiphytes growing on seaweeds at the study area (Machado et al. 2017), 
this mesograzer prefers to feed on algal hosts (e.g. Sargassum species) than epiphytic algae, 
probably because of the poor-quality food of epiphytes (Jacobucci and Leite 2014, Machado et 
al. 2017). Furthermore, although we found an overall effect of epiphytism dependent on the 
season, it was not clear how the epiphytism predicted the abundance of Cymadusa. Whether 
epiphytism had an overall positive effect on the abundance of Cymadusa, it would be expected 
that Sargassum (with higher epiphytic load) had harbored more mesograzers than other algal 
hosts (with lower epiphytic load) at least during spring, but we found the opposite pattern.  
 
Conclusions 
We found the host use by the generalist mesograzer Cymadusa filosa is limited by 
extrinsic factors to the host. Particularly, predation seems to limit the occurrence of that 
mesograzer on high-quality food hosts, such as Sargassum. Therefore, natural enemies, rather 
than resource quality, is determinant for the distribution of generalist mesograzers and, thus, 
understanding this mesograzer-host plant interaction demands the simultaneous investigation 
of both bottom-up and top-down effects on the herbivores’ fitness. 
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Chapter 3: Nutrition of marine mesograzers: integrating feeding behavior, nutrient 
intake and performance of an herbivorous amphipod 
 
Introduction 
Fulfilling nutritional requirements is challenging and affects how organisms interact 
with their biotic and abiotic environment (Raubenheimer et al. 2005, Hawlena and Schmitz 
2010, Rothman et al. 2011, Simpson and Raubenheimer 2011). One approach to understand the 
intake and use of nutrients by consumers in the face of such ecological complexity is the 
geometric framework of nutrition (Raubenheimer and Simpson 1993, Simpson and 
Raubenheimer 1995), which has been extensively applied to a variety of consumer species (Lee 
et al. 2002, Raubenheimer and Simpson 2003, Raubenheimer et al. 2005, Felton et al. 2009, 
Hawlena and Schmitz 2010, Rothman et al. 2011, Heflin et al. 2016). By integrating nutrient 
intake with behavioral and performance responses of consumers, the geometric framework 
allows investigators to explore the adaptive value of behavioral and physiological mechanisms 
involved in the ingestion and regulation of multiple nutrients (Raubenheimer et al. 2009, 
Simpson and Raubenheimer 2011). 
Generalist herbivores often deal with nutritionally-imbalanced set of plants in their 
environment (Felton et al. 2009, Rothman et al. 2011) by making feeding decisions (Zanotto et 
al. 1993, Lee et al. 2002, Raubenheimer et al. 2005, Heflin et al. 2016). Herbivores that mix 
their diet can obtain a required balance of nutrients (Raubenheimer and Simpson 1993, 
Raubenheimer and Simpson 2003). However, when forced to feed on single foods by ecological 
factors, herbivores are constrained to ingest a specific ratio of nutrients, regardless the absolute 
amount of food consumed. If such ratio of nutrients does not match the nutritional balance 
required, consumers either compensate the low content of some nutrients by over-ingesting 
others, or under-ingest some nutrients to avoid ingesting in excess other food components 
(Raubenheimer and Simpson 1993, Zanotto et al. 1993, Raubenheimer and Simpson 2003).  
Insight into these decisions has been accelerated by the geometric framework of 
nutrition, in which the intake of two nutrients by a consumer fed on single diets varying in ratio 
of nutrients is graphically shown, with each axis representing a nutrient (e.g. Lee et al. 2002, 
Raubenheimer et al. 2005, Hawlena and Schmitz 2010). The shape of the array resulting from 
the set of nutrient intakes observed for each diet can reveal the decision rules applied by a 
consumer when it deals with imbalanced foods (Raubenheimer and Simpson 1993, Simpson 
and Raubenheimer, 1995). For example, considering an investigation with two nutrients, if only 
the intake of one nutrient is regulated by the consumer, we could expect to observe similar 
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intake of that nutrient across all diets regardless the intake of the other nutrient (i.e. all points 
are orthogonally arranged to the axis of the nutrient that is regulated) (e.g. Trumper and 
Simpson 1993, Raubenheimer et al. 2005, Harrison et al. 2014). Alternatively, when both 
nutrients are regulated, there is an interaction between the regulatory mechanisms determining 
the intake of those nutrients and, thus, the array resembles a convex arc or a diagonal line (e.g. 
Lee et al. 2002, Raubenheimer and Simpson 2003). On the other hand, if the intake of neither 
nutrient is regulated by a consumer, we could expect to observe a similar ingestion of food 
across diets irrespective of their nutrient content (Raubenheimer and Simpson 1993, Simpson 
and Raubenheimer 1995). Also, consumer’s decisions when facing a range of imbalanced foods 
can reveal which (or if) nutrients are prioritized during feeding, while the performance 
consequences of consuming those foods indicate the costs of such decisions (Simpson and 
Raubenheimer 2011). 
Marine mesograzers occur in high abundance associated with plant and algal hosts and 
may have impacts on benthic primary producers (Duffy and Hay 2000, Poore et al. 2012, 
Whalen et al. 2013). These small herbivores use macrophytes as both food and refuge (Duffy 
and Hay 1991, 1994, Poore and Steinberg 1999, Sotka 2007) and, since food value is an 
important factor driving the association of mesograzers with hosts (Duffy and Hay 1991, Poore 
and Steinberg 1999), exploring the nutrition of these consumers is relevant to understand their 
distribution. Also, there are some constraints to the feeding of these herbivores in the field, such 
as the temporal variation of the host (Duffy and Hay 1991) and the vulnerability of these 
consumers to predators and wave action (Duffy and Hay 1994, Sotka 2007, Lasley-Rasher et 
al. 2011). Thus, exploring how mesograzers regulate the intake of nutrients, especially in cases 
of lacking nutritionally balanced foods, may contribute to understand how these consumers 
interact with their environment. 
Despite its analytical power, to our knowledge the geometric framework has not been 
applied to any marine mesograzer. Current understanding of the role of nutrients on marine 
mesograzers comes largely from univariate correlations of a particular nutritional constituent 
(e.g., nitrogen, carbon, or their ratio) with feeding behavior or its performance consequences 
(Nicotri 1980, Duffy and Hay 1991, Cruz-Rivera and Hay 2001, Jormalainen et al. 2001, 
McDonald and Bingham 2010). When nutrients are evaluated individually (e.g. nitrogen 
content vs. feeding rate), the effect of nutritional multivariate complexity on feeding decisions 
by consumers is ignored (Simpson and Raubenheimer 2011). Moreover, many studies also use 
the absolute amount of food consumed, rather than the ingestion of nutrients, as a proxy of the 
effect of nutrients on mesograzers (e.g. Cruz-Rivera and Hay 2001, Sotka and Hay 2002), which 
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represents an indirect approach to understand how consumers actively regulate and select a 
balance of intake of nutrients.  
Herein, we investigated the nutrition of the herbivorous amphipod Ampithoe valida 
using algal foods varying in nutritional content and integrating feeding behavior and 
performance responses with nutrient intake. Specifically, we asked (1) Does A. valida regulate 
the intake of nutrients when constrained to single foods varying in nutritional content (carbon, 
nitrogen, protein, and non-protein compounds) or when offered a cafeteria-style choice of these 
same foods? (2) What are the performance consequences of feeding diets varying in nutritional 
content?  
 
Material and methods 
Organism collection and maintenance  
 Ampithoe valida is a generalist mesograzer inhabiting seagrass and algal beds 
throughout the Atlantic and Pacific coasts of the United States (Duffy and Hay 1994, Reynolds 
et al. 2012) and Japan (E. E. Sotka, unpubl data), where it feeds readily on algae and seagrasses 
(Cruz-Rivera and Hay 2000b, Douglass et al. 2011, Reynolds et al. 2012). Ampithoe valida was 
obtained from Ulva spp. and other available algal hosts found in marinas and mudflats within 
Charleston Harbor, South Carolina (SC) (32.75ºN, 79.90ºW). In the laboratory, amphipods 
were removed from algae and maintained individually in plastic cups with seawater (100 mL), 
under 12h photoperiods and at a temperature of 22ºC. Amphipods were fed mainly Ulva spp. 
and kept in the laboratory for at least one week before being used in any assay. All assays 
presented below took place at Grice Marine Laboratory (College of Charleston, Charleston SC) 
during spring and summer 2016. 
 
Algal diets 
 For all assays, we used freeze-dried algal foods. The foods offered to A. valida in 
following assays represent a subset of a major collection of seaweeds used in a previous feeding 
study (see Demko et al. 2017) and, thus, with prior information about their nutritional content. 
The effect of toughness and morphology was eliminated by using freeze-dried instead of fresh 
diets, while metabolites are usually preserved in the freeze-dried state of seaweeds (e.g. Cronin 
and Hay 1996, Taylor et al. 2003). Algal tissues used for the experiments below are from the 
same pool of algal tissues collected and analyzed by Demko et al. (2017). Briefly, seaweeds 
were obtained from Charleston Harbor, Fiji (18.00º S, 179.00º E) and San Diego, California 
(32.72º N, 117.16º W). After collection, seaweeds were kept frozen in the laboratory and 
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lyophilized. All seaweeds were analyzed regarding ash-free dry mass (AFDM), carbon, 
nitrogen and protein content (% in dry mass) (see Demko et al. 2017 for further details). We 
assumed AFDM content as all organic content, and non-protein content (including 
carbohydrates and lipids) was estimated as the organic content remaining after subtracting the 
protein content (per unit dry mass). The following algal species were chosen based on their 
differences in carbon to nitrogen ratio (from 10.4 to 108.1) and non-protein to protein ratio 
(from 8.3 to 66.1) (Table 1): Egregia sp., Endarachne binghamiae, Gelidium coulteri, 
Hormophysa sp., Padina sp., Sargassum sp., Turbinaria sp. and Ulva spp. Also, most of those 
seaweeds were chosen for being palatable to marine herbivores (Cruz-Rivera and Hay 2001, 
Sotka 2007, Rasher et al. 2013, Demko et al. 2017). Although it would have been interesting 
using seaweeds without any chemical defenses in the present study, this is not feasible when 
dealing with natural foods. Thus, it is likely that some if not all tested seaweeds have secondary 
metabolites, such as phenolic compounds, as reported by Demko et al. (2017). We understand 
that because we used freeze-dried seaweed tissues, we cannot separate the effects of secondary 
metabolites (that might either increase or decrease feeding rates and performance) from 
nutritional content. Our interpretation reflects this limitation (see Discussion). 
 
Table 1. Nutrient content of seaweeds (% per gram of freeze-dried tissue). AFDM = Ash-free dry mass. 
Data obtained from online resource provided by Demko et al. (2017) as a metadata (see 
DOI://10.6084/m9.figshare.5514466.v1). 
Seaweed Site of 
collection 
AFDM 
(%) 
Carbon 
(%) 
Nitrogen 
(%) 
C:N Non-
protein 
(%) 
Protein 
(%) 
NP:P 
Egregia sp. San Diego 69.10 28.88 0.73 39.84 67.56 1.54 43.99 
Endarachne 
binghamiae 
San Diego 70.36 27.94 0.27 103.61 66.23 4.14 16.01 
Gelidium 
coulteri 
San Diego 83.81 33.77 1.52 22.30 82.56 1.25 66.07 
Hormophysa 
sp. 
Fiji 55.77 27.57 0.60 46.24 52.18 3.59 14.52 
Padina sp. Fiji 45.11 21.51 0.98 21.95 40.24 4.87 8.27 
Sargassum 
sp. 
Fiji 55.99 28.43 0.26 108.06 50.91 5.08 10.02 
Turbinaria 
sp. 
Fiji 64.70 28.33 0.58 48.87 61.12 3.57 17.12 
Ulva spp. Charleston 71.11 30.76 2.95 10.43 66.12 4.99 13.25 
 
 Typical tests of the geometric framework use artificial foods that vary in their ratio of 
two or more nutrients (e.g. Lee et al. 2002, Raubenheimer and Simpson 2003, Hawlena and 
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Schmitz 2010). We initially attempted with grand failures to manipulate a gradient of nutritional 
contents within artificial foods (i.e. foods varying in their ratio of two or more nutrients) and 
measure consumption rates and performance. For that, we prepared foods by adding individual 
nutrients, such as protein (a mix of casein, peptone and albumen), carbohydrate (a mix of 
sucrose and white dextrin), linoleic acid, cholesterol, vitamins, and salts, into an agar matrix. 
However, as argued previously (Forbey et al. 2013), leaching generated poor residence time of 
nutrients within the aqueous environment and, thus, we could not assure our nutrient treatments 
were effective. A similar issue has been reported by Carefoot (1980), when investigating the 
nutrition of Aplysia. One of the main concerns is the possibility that different nutrients have 
different degrees of diffusion in water (Carefoot 1980). Ideally, it would be useful to seal such 
nutrients into the artificial foods. On the other hand, as pointed out by Carefoot (1980), the 
issue of leaching of nutrients can be minimized when diets are offered as whole meals (i.e. fish 
meal, soybean meal), probably because all nutrients are bound in a single matrix. In fact, many 
studies on nutritional aspects of aquatic invertebrates have used complete foods (e.g. algae, 
animal matter), or a combination of those, varying in nutrient content in order to investigate the 
importance of nutrients on the behavior and performance of consumers (Cruz-Rivera and Hay 
2000b, Cruz-Rivera and Hay 2003, Heflin et al. 2016). Thus, when using whole foods, even if 
there is some material loss to water during the feeding experiment, we expect such loss not to 
be significant for individual nutrients, but for the whole food, as all nutrients are bound in a 
matrix. Such loss can be estimated using control replicates and used to correct the values of 
consumption (see details below). The complexity of nutritional composition represented by 
these eight seaweeds thus serves as an initial test of the relative importance of nutritional 
concerns in driving feeding behavior and juvenile fitness.  
 
Feeding experiments: preparation of algal diets and general methods  
 To evaluate the ingestion of food and nutrients by A. valida in a variety of diets, we 
carried out no-choice and choice feeding assays with freeze-dried algal foods. The use of 
natural foods in such state to investigate the feeding of marine herbivores has been successfully 
applied before (Hay et al. 1994, Cruz-Rivera and Hay 2000a). Usually, ground powdered food 
mixed with molten agar is poured onto a screen mesh and then the number of squares cleared 
over time is considered as a measurement of consumption (Hay et al. 1994). Since herein we 
were interested in estimating the quantity of nutrients ingested, rather than solely testing which 
food is more consumed, we adapted this common methodology to be able to measure the food 
mass change throughout the experiment and, consequently, estimate the nutrient intake. Also, 
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since nutrient composition can vary among algal individuals (Cronin and Hay 1996, Taylor et 
al. 2002, Taylor et al. 2003), using a same source of freeze-dried algal foods for all experiments 
is likely to maintain a similar nutritional composition across the feeding assays and, thus, avoids 
effects related to the natural variation of nutrients in the food. 
 For feeding assays, we ground the freeze-dried seaweeds to a fine powder using a Wiley 
Mill. Ground powdered seaweed (2 g) was mixed with 7 mL distilled water and then poured 
into molten agar (0.36 g to 18 mL distilled water). The resulting mixture was added to pre-
weighed Eppendorf lids to solidify. All lids with food were weighed (wet mass) before being 
offered to amphipods. Also, a same number of cups with algal food, but no amphipods, were 
used to control mass changes in food not related to herbivory. After the experiment, lids were 
removed from cups, carefully washed with distilled water, dried at 60ºC until reaching a 
constant mass and then reweighed. To estimate the initial dry mass of foods used in the assays, 
the same number of lids with food were prepared initially and the wet mass was measured. 
Afterwards, these foods were dried at 60ºC to a constant mass and then reweighed. Using 
equations obtained from linear regressions between wet and dry mass for each algal food, we 
could estimate the initial dry mass of foods in herbivory and control cups. Finally, the 
consumption (mg) in cups with herbivores was expressed as the difference between initial and 
final dry mass after correcting it by mass change in control cups (see Cronin and Hay 1996). 
Before analysis, negative values of corrected mass change (39 out of 211 lids for no-choice 
experiment and 30 out of 102 lids for choice experiment) were assumed as zero (i.e. no 
consumption). Furthermore, for each nutrient, we estimated the ingestion (mg in dry mass) by 
considering the content (%) present in each algal food and the total amount of food ingested 
(excluding the agar portion). 
                             
No-choice feeding experiments 
 To test how A. valida behaves when constrained to single foods varying in nutritional 
content, we carried out a no-choice feeding experiment with adults using seven algal foods: 
Egregia sp., Endarachne binghamiae, Hormophysa sp., Padina sp., Sargassum sp., Turbinaria 
sp. and Ulva spp. We split the experiment in three trials, each one with 10 replicates of each 
diet for herbivory and control cups. Individual amphipods were kept in seawater (~ 100 mL) to 
which one food type was added. All amphipods were removed after approximately 85 hours. 
Amphipods were then frozen and preserved in ethanol, and amphipod size (considered as the 
length from the anterior region of the head to the distal region of uropod 3) was measured using 
ImageJ software after taking digital photos in a microscope. The size of amphipods used in the 
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no-choice experiment did not differ between the three independent trials (ANOVA, F(2,164) = 
2.49, P= 0.086) nor diets (ANOVA, F(6,164) = 0.77, P= 0.595). Replicates with dead 
amphipods at the end of trials were excluded from analysis.  
 Comparison of the mass change between foods with and without amphipods using 
unpaired t-tests indicated significant grazing of all diets in at least 2 of 3 trials, with the 
exception of Turbinaria (analyses not shown). Ampithoe valida consumed Turbinaria in only 
one of the three trials and this consumption was minimal; thus, we did not further consider this 
seaweed in either the multiple-choice assays (see below) nor during subsequent analysis. To 
compare the consumption of algal foods by A. valida among diets, we used mixed linear model 
treating diet as a fixed factor and trial as a random factor. We tested the contribution of the 
factor ‘diet’ for the model by comparing the full model with the reduced one (without ‘diet’) 
using Likelihood Ratio Test in the lme4 package of R (Bates et al. 2015).  
 
Multiple-choice feeding experiments 
 To investigate the feeding preference of A. valida and to assess nutrient intake when 
offered a choice of foods, we carried out a multiple-choice feeding experiment using six algal 
foods: Egregia sp., Endarachne binghamiae, Hormophysa sp., Padina sp., Sargassum sp. and 
Ulva spp. We split the experiment in two trials, each one with 10 replicates for herbivory and 
control cups. Amphipods were kept individualized in cups with seawater (~ 200 mL) and six 
foods for 86 hours. Amphipods used in the choice experiment did not differ between trials 
(ANOVA, F(1,15) = 3.21, P= 0.094). To assess whether amphipods made feeding choices, we 
performed the Hotelling T2 test, followed by pairwise comparisons on the proportional 
consumption of each food relative to the total mass consumed (see Lockwood 1998). 
 
Analysis of behavioral regulation 
We inferred behavioral regulation of a particular nutrient using three tests. First, we 
assessed whether rates of nutrient intake are similar across foods that vary in nutrient content 
(Raubenheimer and Simpson 1993, Raubenheimer et al. 2005, Harrison et al. 2014). Second, 
we assessed whether rates of nutrient intake on a single food are similar to intake rates when 
offered multiple foods that vary in nutrient content (Raubenheimer and Simpson 1993, Trumper 
and Simpson 1993). For that, we compared the intake rate of each nutrient type on each single 
diet with the summed intake rates of that nutrient type in multiple choice assays. Because we 
used smaller amphipod individuals in choice assays relative to amphipods in no-choice assays 
(ANOVA, F(1,172) = 15.59, P= 0.0001), we standardized feeding rates by amphipod size (mg 
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mm-1). We then used one-way parametric ANOVA to compare the intake rates of carbon and 
non-protein components across the six single diets and the summed rate in choice assays. For 
nitrogen and protein intake, we could not meet the ANOVA’s assumptions, and thus we used 
generalized linear model (GLM) with quasi-poisson distribution to analyze the data. Third, we 
tested the prediction that when consumers are behaviorally regulating nutrient intake, 
variability in nutrient content among food types will be greater than the variability for nutrient 
intake values. To do this, we compared the coefficients of variation, or CV (i.e., standard 
deviation divided by the overall mean), which creates estimates of variability that are 
independent of measurement type (Sokal and Rohlf 1995). We calculated CV of the four 
nutrient types among algal foods (Table 1) and among mean intake values during no-choice 
assays. Comparisons of such variability between content and intake values were performed 
using an F-test with log-transformed data (X+1) (Lewontin 1966, Sokal and Rohlf 1995). 
 
Performance experiments 
 To test the performance consequences for A. valida when constrained to single foods 
varying from each other in nutritional content, we carried out a performance experiment with 
juveniles under one of the following diets (n = 29 per diet): Egregia sp., Endarachne 
binghamiae, Gelidium coulteri, Hormophysa sp., Padina sp., Sargassum sp., Turbinaria sp., 
Ulva spp., agar and no food (control). Juveniles were obtained from field-collected ovigerous 
females. Females were kept individualized in cups with seawater until juveniles hatched. From 
each female, we used 1 to 2 juveniles per treatment. Juveniles were kept individualized in cups 
with seawater (~ 200 mL) and checked every day for dead individuals, which were preserved 
in ethanol for further analysis. Also, throughout the experiment, some females ovulated and, 
thus, presented unfertilized eggs (hereafter, referred as eggs) in a brood pouch. Because 
juveniles were kept individualized, such eggs do not represent zygotes, but they have been used 
as an estimative of reproductive potential in several studies (Duffy and Hay 1991, Cruz-Rivera 
and Hay 2001, Sotka and Hay 2002, Taylor and Brown 2006). When a female presented eggs, 
it was preserved in ethanol for further analysis. Foods were prepared and offered as in the 
feeding assays described above. Every 4 to 5 days, food was changed, cups were cleaned, and 
water was replaced. Although care was taken, eventually a few individuals were missed 
throughout the experiment and, thus, the initial number of replicates varied from 27 to 29 
individuals per treatment. After 40 days, surviving individuals (i.e. males and females without 
eggs) were frozen and then preserved in ethanol. Individuals were measured as described above. 
Survivorship (%) was considered as the proportion of individuals alive at each day until the 
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first female presented eggs. Because we deliberately sacrificed females with eggs to count the 
number of eggs, we cannot consider this death as an effect of the treatment and, thus, in order 
to standardize across the treatments, all deaths after the first female presented eggs were not 
considered for the survivorship analysis. For growth (mm day-1), we considered only 
individuals that survived after all amphipods in the control (no food) had perished. As 
reproduction variables, we counted the number of eggs per female and the time to ovulation 
(days). 
 To compare survivorship among diets, we used the survival package in R (Therneau 
and Grambsch 2000) to perform a log-rank test with all treatments, followed by pairwise 
comparisons to assess post hoc differences (Fox 2001). To test growth among diets, we 
performed GLM with quasi-poisson distribution. To compare the number of eggs per female 
and the time to ovulation among diets, we used one-way ANOVA. Also, to explore possible 
trade-offs between the performance traits, we generated correlations among mean values of 
growth, number of eggs and the survivorship at the day the first female presented eggs. For 
ANOVAs, the assumptions of normality and homogeneity of variances were verified using 
graphs. Tukey’s test was used to explore differences between groups after the effect of a factor 
has been detected. For all ANOVAs, GLMs, correlation analyses, tests of variance and Tukey’s 
tests, we used functions in multcomp (Hothorn et al. 2008) and stats packages in R 3.2.3 (R 
Core Team 2015). 
 
Results 
Feeding experiments 
 Feeding rates of A. valida did not differ among the six diets (likelihood ratio test, c2 = 
9.58, P= 0.088), although there was a trend for higher consumption of Egregia and Sargassum 
relative to other foods (Fig. 1A). The relative consumption rates of seaweeds were similar 
across trials (Fig. S1). In the choice feeding experiment, A. valida avoided Hormophysa and 
Padina, readily consumed Ulva, and had intermediate feeding rates on the remainder 
(Hotelling’s T2 test, T2 = 96.36, F(5,12) = 14.45, P < 0.05; Fig. 1B). The pattern of consumption 
by A. valida was similar among trials (Fig. S2). We note that feeding rates by A. valida were 
statistically indistinguishable when isolated on a single diet or when offered multiple foods 
(ANOVA, F(6,167) = 1.25, P= 0.282). 
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Figure 1. Consumption (mean±SE) of algal diets by A. valida in no-choice (a) and choice (b) feeding 
experiments. For both experiments, data represents the summary across all trials. In (a), number of 
replicates per diet is indicated within bars. In (b), n = 17. Differences in letters between bars indicate 
significant difference (P<0.05). eg = Egregia sp., en = Endarachne, ho = Hormophysa sp., pa = Padina 
sp., sa = Sargassum sp., ul = Ulva spp. 
 
Nutrient intake in feeding experiments 
 Assessing behavioral regulation of nutrients requires analysis of the intake rate of 
particular nutrients (i.e., multiplying nutritional content of a food item by feeding rate; see 
predictions outlined in Analysis of behavioral regulation). Carbon intake rates did not differ 
across foods in no-choice assays, nor when rates in no-choice and choice assays were directly 
compared (ANOVA, F(6,167) = 1.92, P= 0.080; Fig. 2A). In contrast, intake rates of nitrogen 
(GLM; Deviance = 0.408, Residual deviance = 0.687, P< 0.0001; Fig 2B), non-protein 
components (ANOVA, F(6,167) = 3.01, P= 0.008; Fig. 2C) and protein (GLM; Deviance = 
0.287, Residual deviance = 3.084, P = 0.010; Fig. 2D) significantly differed among diets. 
Nitrogen intake was greatest when offered Ulva or a mix of diets (“cho”) and was lowest on 
Endarachne and Sargassum (Fig. 2B). Non-protein intake was greatest when offered Egregia, 
was lowest when offered Padina diet, and was statistically indistinguishable among remaining 
diets, including the mix of diets (Fig. 2C). Protein intake was highest on Sargassum, lowest on 
Egregia and statistically indistinguishable among remaining diets, including the mix of diets 
(Fig. 2D).  
 An analysis of the coefficient of variation (CV) in nutritional intake within no-choice 
assays was significantly lower than the CV in nutritional content for nitrogen (P < 0.001) and 
protein (P < 0.001) (Table 2). In contrast, CV in nutritional intake was higher than CV in 
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nutritional content for carbon (P = 0.012) and non-protein content (P = 0.041) (Table 2). Also, 
a visual inspection of a bivariate plot between nitrogen and carbon intake rates (Fig. 3A) 
indicates that amphipods within the choice assay (‘cho’) have among the greatest carbon and 
nitrogen rates, combined. That is, while some single foods provided greater nitrogen intake 
(Ulva) or carbon intake (Egregia), the choice assay has among the greatest values for both 
carbon and nitrogen. Similarly, amphipods within the choice assay have among the greatest 
protein and non-protein intake, relative to the single food assays (Fig. 3B).  
 
Figure 2. Nutrient intake (mean±SE) (mg per amphipod length in mm) by A. valida in single and choice 
algal diets. (a) Carbon intake; (b) Nitrogen intake; (c) Non-protein intake; (d) Protein intake. Differences 
in letters between bars indicate significant difference (P<0.05). “cho” represents the total nutrient 
consumption in the choice diet regardless the algal identity. See Fig. 1 for abbreviations and number of 
replicates. 
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Figure 3. Bi-variate representation of nutrient intake (mean±SE) (mg per amphipod length in mm) by 
A. valida across single and choice diets. (a) Carbon and nitrogen intake; (b) Non-protein and protein 
intake. “cho” represents the total nutrient consumption in the choice diet regardless the algal identity. 
Slopes represent trajectories in which consumers are constrained when fed single diets. See Fig. 1 for 
abbreviations and number of replicates. 
 
Table 2. Measure of variability for values of content and intake of nutrients. 
Nutrient Coefficient of variation 
F-test for equality of 
variances 
Content Intake F(5,5) P 
Carbon 11.43 27.27 13.99 0.012 
Nitrogen 104.88 87.67 13708 <0.001 
Non-protein 19.48 33.93 7.84 0.041 
Protein 33.53 33.13 3094 <0.001 
 
Consequences for juvenile performance  
 Our treatments significantly affected the 25-day survival of A. valida juveniles (log-
rank test, c2 = 201, P< 0.05; Fig. 4A). This was explained by the lower survivorship when 
isolated onto agar and no-food control treatments. When only amphipods isolated on algal diets 
was considered, we detected no significant difference in survival, although there was a non-
significant trend for juveniles fed Ulva to have lower survival. 
Algal diet affected the growth of A. valida (GLM, Deviance = 1.446, Residual deviance 
= 1.370, P<0.0001). Amphipods had a higher growth rate consuming Gelidium, Endarachne, 
an intermediate growth under Egregia, Ulva and Padina diets and a lower growth when fed 
Sargassum, Hormophysa and Turbinaria (Fig. 4B). Ampithoe valida females became 
reproductive only when isolated on Gelidium, Endarachne, Egregia, Padina and Ulva (Fig. 
  
75 
 
4C). On Ulva diet, only one female presented eggs. When the Ulva treatment is ignored, we 
found no significant difference among diets in the number of eggs per female (ANOVA, 
F(3,26) = 1.63, P= 0.206; Fig. 4C) nor any significant difference in time to ovulation (ANOVA, 
F(3,26) = 2.12, P= 0.123; Fig. 4D). There was no significant correlation between survivorship 
and growth (r = -0.31, n = 8, P = 0.450) neither between survivorship and number of eggs (r = 
-0.55, n = 8, P = 0.157). However, there was a strong positive correlation between growth on a 
food type and number of eggs produced (r = 0.90, n = 8, P = 0.002). 
 
Figure 4. Performance of A. valida fed single algal diets. (a) Survivorship (%) (n = 27 - 29); (b) Growth 
(mean±SE); (c) Number of eggs per female (mean±SE); (d) Time to ovulation (mean±SE). Co = control 
diet, Ag = agar diet (see Fig. 1 for abbreviations). In (a), diets sharing a same vertical solid line are not 
significant different. In (b), differences in letters between bars indicate significant difference (P < 0.05). 
Number of replicates per diet is indicated within bars. 
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Discussion  
Typical studies on the nutritional ecology of marine herbivores correlates adult feeding 
rates or juvenile fitness on a single diet with plant traits such as carbon, nitrogen, organic 
content and/or protein (Duffy and Hay 1991, Cruz-Rivera and Hay 2001, McDonald and 
Bingham 2010), and do not directly compare nutrient content with nutrient intake (e.g. Table 
2). These typical approaches are limited because consumers are ingesting multiple nutrients 
simultaneously, and there are constraints when trying to maximize the use of any one nutrient 
type. Here, we were inspired by the geometric framework to compare nutrient content and 
intake values using a series of feeding and juvenile performance assays. We discuss these 
results below. 
 
Behavioral regulation of nutrients 
Behavioral regulation of a particular nutrient can be indicated by several criteria: (1) 
rates of nutrient intake are similar across foods that vary in nutrient content (Raubenheimer and 
Simpson 1993, Raubenheimer et al. 2005, Harrison et al. 2014), (2) rates of nutrient intake on 
a single food is similar to intake rates when offered multiple foods that vary in nutrient content 
(Raubenheimer and Simpson 1993, Trumper and Simpson 1993), and (3) variation in nutrient 
content across foods (as measured by coefficient of variation, or CV) is greater than the CV for 
nutrient intake when those foods are offered singly to a consumer. For the generalist consumer 
Ampithoe valida, none of the four nutrient types (carbon, nitrogen, protein, non-protein) 
confirmed all three predictions for behavioral regulation, suggesting either that our methods are 
insufficient to detect behavioral regulation, weak regulation, or both. 
We found some empirical support in the generalist consumer Ampithoe valida for 
behavioral regulation of protein (criteria 3), although no evidence for regulation of non-protein 
components (none). Non-protein content was considered as all organic content remaining after 
subtracting the protein content (per unit dry mass), and it includes carbohydrates and lipids. 
The literature on geometric framework of nutrition largely focuses on the bivariate relationships 
of proteins and carbohydrates, as these plots consistently show actively regulation by terrestrial 
and aquatic consumers (Lee et al. 2002, Raubenheimer et al. 2005, Heflin et al. 2016). Proteins 
are mainly related to growth and reproduction of organisms, while carbohydrates are used as 
energy for metabolic activities (Joern and Behmer 1997, Raubenheimer and Simpson 2003), 
although some interchangeability in function can be observed among both macronutrients (e.g. 
protein being used as energy; Raubenheimer and Simpson 2003). Also, protein content has been 
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positively correlated with feeding behavior and/or performance of mesograzers (Duffy and Hay 
1991, Cruz-Rivera and Hay 2000a, 2001, Duarte et al. 2011) 
We also found some empirical support for behavioral regulation of carbon (criteria 1 
and 2) and nitrogen (criterion 3) intake. Nitrogen is widely thought to be a limiting nutrient for 
herbivores, not only because it usually occurs in low concentration in plants relative to the 
amount required by these consumers, but also due to its great inter- and intra-plant variation 
(Mattson 1980). While nitrogen content is often used as a proxy for food protein levels (Renaud 
et al. 1999, Renaud and Luong-Van 2006), here, nitrogen content was poorly related to protein 
content (e.g. Sargassum has high levels of protein, but low nitrogen content), as in other studies 
(Kaehler and Kennish 1996, Cruz-Rivera and Hay 2001). This may reflect the use of nitrogen 
in other non-protein components present in seaweeds (Lourenço et al. 2002). Also, although 
the carbon intake by A. valida satisfied both criteria 1 and 2, there was an increase in variation 
from content to intake of such element (the opposite result of criteria 3 expectations). So, if 
there was some behavioral regulation of carbon by A. valida, such result should be taken with 
caution. Also, carbon can constitute nutritional components, such as starch, as well as non-
nutritional compounds, such as cellulose, which can blur the interpretation about behavioral 
responses of consumers to that element (Raubenheimer et al. 2009). If we assume that the CV 
approach is the most powerful test of regulation (Table 2), then regulation of nitrogen and 
protein intake is stronger than behavioral regulation of carbon and non-protein by A. valida. 
 
Post-ingestive consequences 
In theory, there will be a fitness consequence when prioritizing protein intake over non-
protein intake, as non-protein compounds such as carbohydrates are crucial in building and 
maintaining organisms. Surprisingly, A. valida seems to avoid such fitness costs. An under-
ingestion of non-protein was evident for individuals fed Padina (intake nearly one-half of that 
in choice diet), while an over-ingestion was observed in Egregia diet (intake about 25% higher 
than that in choice diet; Fig. 3B). However, the survival of A. valida juveniles was similar 
among all diets. Also, growth and reproduction of A. valida fed Egregia and Padina were 
comparable to that in other foods.  
These results suggest that post-ingestive mechanisms in A. valida can overcome the 
excess and deficit of nutrients, as has been observed for other consumers (Zanotto et al. 1993, 
Lee et al. 2002, Raubenheimer and Simpson 2003). The insect Locusta migratoria can 
overcome the excess of macronutrients post-ingestively, as similar growth is reached by 
individuals raised on diets varying in protein and carbohydrate content (Zanotto et al. 1993). In 
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turn, the insect Schistocerca gregaria can use protein as energy metabolism to deal with the 
deficit of carbohydrate acquired from diet (Raubenheimer and Simpson 2003). Likewise, the 
freshwater amphipod Gammarus pulex can decrease its respiration rate when fed poor-quality 
foods, reducing energy expenditure and, thus, compensating for lower energy intake (Graça et 
al. 1993). Although performance variables represent the ultimate consequences of behavioral 
and physiological mechanisms and, thus, they can bring important insights about the processes 
involved in the regulation of nutrient intake, further studies measuring the efficiency of 
utilization of ingested nutrients (i.e. relationship between amount consumed and amount 
retained or converted to growth) (e.g. Lee et al. 2002, Raubenheimer and Simpson 2003) are 
necessary to a better understanding on post-ingestive regulation in A. valida. 
Ampithoe valida juveniles had similar survival rates across all algal diets. However, 
when other performance variables are considered, such as growth and reproduction, A. valida 
performed better on some foods (e.g. Endarachne, Egregia and Padina) than on others (e.g. 
Sargassum and Hormophysa), despite a similar intake of macronutrients. In fact, there was no 
relationship between survivorship and growth neither between survivorship and number of 
eggs, while growth and number of eggs were positively correlated. The disagreement among 
performance variables reinforces the importance of measuring more than one variable when 
investigating the nutrition of consumers, as argued previously (Simpson and Raubenheimer 
1995). 
 
A role for chemical defense and other plant traits 
Although A. valida has shown strong preference towards Ulva, the long-term effect of 
consuming that food did not result in a better performance for this mesograzer than other less 
preferred foods (e.g. Padina and Egregia), suggesting that feeding preference and performance 
of marine herbivores are not positively related. In some marine herbivores, preference and 
performance are positively related (e.g. Vadas 1977, Poore and Steinberg 1999, Taylor and 
Brown 2006, Aquilino et al. 2012). However, this is not always the case for marine 
mesograzers. The herbivorous isopod Idotea baltica shows preference for phlorotannin-rich 
seaweeds, such as Fucus vesiculosus, but this causes a reduced fitness when raised in such algal 
hosts (Jormalainen et al. 2001). Also, Cruz-Rivera and Hay (2001) reported the generalist 
herbivorous Ampithoe longimana did not have a better performance (survival, growth and 
reproduction) on preferred foods (e.g. Dictyota menstrualis) than avoided foods (e.g. 
Sargassum filipendula).  
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Several mechanisms can yield a mismatch between feeding preference and performance. 
The first is compensatory feeding, which enables consumers to achieve similar performance 
outcomes among diets with different nutritional values (Cruz-Rivera and Hay 2001). Second is 
the presence of seaweed metabolites that have only post-ingestive effects. One example may 
be Ulva, which generates DMSO (dimethylsulfoniopropionate) that is rapidly converted to 
metabolites that can act as defenses against herbivory (Van Alstyne et al. 2001, Van Alstyne et 
al. 2009). Therefore, although there appears to be a feeding preference of A. valida towards 
Ulva, the long-term effect of consuming such food may impose fitness costs related to the 
presence of chemical defenses. Also, Ampithoe valida avoided Turbinaria during no-choice 
experiments, although that food has similar nutritional composition as other readily consumed 
algae (e.g. Endarachne, Hormophysa). It suggests that the consumer may be also responding 
to other nutrients (e.g., vitamins or mineral salts; Dadd 1961, House 1961, Trumper and 
Simpson 1993) and/or other food properties not investigated here.  
 
Conclusions 
 Using criteria from the geometric framework and comparing the variability among 
nutrient content and intake values, we found some evidence that a generalist mesograzer more 
strongly behaviorally regulates and maximizes ingestion of protein and nitrogen rather than 
non-protein or carbon components. Over the developmental lifespan of A. valida, these 
preferences did not strongly predict survivorship, growth nor reproductive output. We find that 
an integrative approach considering the intake of multiple nutrients can bring valuable insights 
regarding the mechanisms underlying the feeding behavior of mesograzers and its performance 
consequences and, thus, should be considered in further studies on the nutrition of marine 
consumers. 
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Supplementary Material 
 
 
 
Figure S1. Consumption (mean±SE) of algal diets by A. valida in no-choice experiment. (A) Data 
represents a summary across all trials; (B) First trial; (C) Second trial; (D) Third trial. eg = Egregia sp., 
en = Endarachne, ho = Hormophysa sp., pa = Padina sp., sa = Sargassum sp., tu = Turbinaria, ul = 
Ulva spp. 
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Figure S2. Consumption (mean±SE) of algal diets by A. valida in choice experiment. (A) Data represents 
a summary across all trials; (B) First trial; (C) Second trial. eg = Egregia sp., en = Endarachne, ho = 
Hormophysa sp., pa = Padina sp., sa = Sargassum sp., ul = Ulva spp. 
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CONSIDERAÇÕES FINAIS 
 A identidade da alga hospedeira, a predação e o comportamento alimentar dos anfípodes 
tiveram um papel fundamental sobre a associação de anfípodes com algas. A composição de 
anfípodes foi sensível à identidade da alga hospedeira e, consequentemente, é esperado que 
bancos de algas formados por várias espécies contribuam para manter uma alta diversidade de 
anfípodes em uma escala local. Por outro lado, a predação não apresentou um claro efeito sobre 
a organização da assembleia de anfípodes. No entanto, para um anfípode herbívoro generalista, 
foi observado que a demanda por refúgio contra predação é mais importante do que o valor da 
alga hospedeira como alimento. Nesse caso, tais herbívoros podem empregar estratégias 
comportamentais para lidar com o baixo valor nutricional das algas e, assim, priorizar o uso de 
algas que oferecem melhor refúgio contra predação. 
Compreender a associação da fauna associada a algas depende da investigação da 
qualidade desses substratos como hábitat e alimento, bem como dos requerimentos específicos 
de cada organismo associado. Uma vez que a identidade da alga hospedeira tem um papel 
fundamental sobre a composição da fauna associada, a perda de organismos formadores de 
hábitat (e.g. algas marinhas) pode ter consequências drásticas sobre a diversidade da fauna 
associada e, consequentemente, sobre o fluxo de matéria e energia em ecossistemas costeiros. 
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